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Preface

v

Biological processes are controlled by protein–protein interactions. The specificity 
of a protein–protein interaction permits highly selective pharmacological interference
with a defined cellular process. Due to the vast diversity of protein–protein interac-
tions they represent a large class of potential drug targets that offer great opportuni-
ties for therapeutic intervention. However, targeting of protein–protein interactions 
is a difficult task (Wells and Clendon, 2007, Nature 450:1001).

Peptides mimicking binding domains disrupt protein–protein interactions with 
high selectivity by competitively binding to one of the interacting partners. Their 
use has provided insight into the function of a plethora of protein–protein interactions.
However, therapeutic applications of peptides are limited as they need to be administered
parentarally, possess a short half-life and may evoke immune responses. Such 
drawbacks may be overcome through the development of stabilized peptides and 
peptidomimetics (for review see: Yin and Hamilton, 2005, Angew Chem Int Ed 44:2).

Interfaces for protein–protein interactions do not possess evolutionarily con-
served hormone-, substrate-, or cofactor-binding pockets. On the contrary, protein–
protein interactions often rely on extended, relatively flat interaction surfaces 
(750-1500 Å2) which cannot easily be blocked by small molecules (Freund et al., 
this volume). However, the exchange of a few amino acids within a defined part of 
the contact area (‘hot spot’) may completely abolish a protein–protein interaction. 
For example, key residues contribute a large fraction of the free energy of binding 
between the growth hormone and its cognate receptor (Clackson and Wells, 1995, 
Science 267:383). Thus, it is not necessary for a small molecule to cover the entire 
protein-binding surface for blocking a protein–protein interaction. The concept of 
‘hot spots’ as areas crucial for the affinity of the interaction has been confirmed for 
numerous protein–protein interactions (for review see: Wells and Clendon, 2007, 
Nature 450:1001; Arkin and Wells, 2004, Nat Rev Drug Disc 3:301; Yin and 
Hamilton, 2005, Angew Chem Int Ed 44:2). Besides targeting ‘hot spots’, small 
molecules may also bind to allosteric sites distant from the interface. The conforma-
tional change induced by the binding prevents a protein interaction. In addition, dis-
rupting the homooligomeric assembly of an enzyme complex by the use of a small 
molecule can result in a highly isotype-specific allosteric inhibition, e.g. of inducible 
nitric oxide synthetase (iNOS; McMillan et al., 2000, Proc Natl Acad Sci USA
97:1506).



Most if not all diseases are associated with or are caused by dysregulation of 
signal transduction processes. Generally, signalling proteins, including protein 
kinases, protein phosphatases and phosphodiesterase, are ubiquitously expressed. 
However, it is increasingly recognised that subsets of signalling proteins are 
encompassed in cell type-specific multi protein complexes that are tethered to 
defined cellular compartments in close proximity to their substrates (e.g. Torgersen 
et al., Kreienkamp, Freund et al., Costa and Cesarini, McCahill et al., all in this 
volume). This compartmentalization is mediated by scaffolding proteins including 
arrestins (Gurevich et al, this volume), A kinase anchoring proteins (AKAPs; 
Dodge-Kafka et al., and Hundsrucker et al., this volume), receptors of activated C 
kinases (RACKs; Walker, this volume) and caveolin (Patel et al., this volume). 
Scaffolding proteins temporally and spatially coordinate signal processing, facilitate 
the assorted flow of information through a cell and thereby participate in converting 
an exogenous stimulus into a specific cellular response. Displacing selected 
proteins from complexes assembled by scaffolding proteins is likely to cause subtle 
local changes in signal processing that affect defined cell functions.

Disruption of protein kinase A (PKA) anchoring by AKAPs has, for example, 
been achieved using 17-25 amino acid residues-long peptides derived from the 
PKA-binding domains of different AKAPs. The PKA anchoring disruptor peptides 
prevent the interaction by binding to the AKAP interaction sites on regulatory subu-
nits of PKA (Hundsrucker et al., this volume). In cardiac myocytes AKAP18α
tethers PKA to L-type Ca2+ channels by direct interaction of the AKAP with the 
channel. The PKA anchoring disruptor peptides abolish β-adrenoreceptor-induced, 
AKAP18α-dependent PKA phosphorylation of L-type Ca2+ channels and the con-
sequent increase of channel open probability by displacing PKA from AKAP18α.
This in turn prevents the enhanced entry of Ca2+ that increases contractility (Hulme 
et al., Proc. Natl. Acad. Sci. USA 100, 13093, 2003; Proc. Natl. Acad. Sci. USA 103,
16574, 2006). This effect resembles that of β-blockers (Dodge-Kafka et al. and 
Chudasama et al., this volume). Also similar to the effect of β-blockers is that of a 
peptide disrupting the direct interaction of AKAP18δ and phospholamban (PLN) in 
cardiac myocytes. This peptide, derived from the PLN interaction site for 
AKAP18δ, reduces the velocity of Ca2+ reuptake into the sarcoplasmic reticulum 
(Lygren et al., EMBO Rep. 8, 1061, 2007; Hundsrucker et al., this volume).

This book discusses therapeutically relevant protein–protein interactions with a 
major focus on scaffolding proteins tethering signal transduction processes to defined 
cellular compartments by direct protein–protein interactions. Recent advances in the 
development of peptides and small molecules as pharmacological agents interfering 
specifically with defined protein–protein interactions are reviewed and potential 
therapeutic applications of the agents are highlighted.

Enno Klussmann and Walter Rosenthal
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Abstract Arrestins are versatile regulators of cellular signaling expressed in 
every cell in the body. Arrestins bind active phosphorylated forms of their cognate 
G-protein-coupled receptors, shutting down G-protein activation and linking recep-
tors to alternative signaling pathways. Arrestins directly interact with more than 20 
surprisingly diverse proteins, such as several Src family kinases, ubiquitin ligases, 
protein phosphatases, microtubules, etc., and serve as scaffolds facilitating signal-
ing in two MAP kinase cascades, leading to the activation of ERK1/2 and JNK3. 
A number of arrestin-binding partners are key players in signaling pathways that 
regulate cell proliferation, survival, and apoptotic death, which make arrestin inter-
actions with these proteins inviting targets for therapeutic intervention. For example, 
enhancement of pro-survival or pro-apoptotic arrestin-dependent signaling is a 
promising strategy in treating disorders such as neurodegenerative diseases 
or cancer, respectively. Recent studies show that in the cell arrestin exists in at 
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16 V.V. Gurevich et al.

least three distinct conformations, free, receptor-bound, and microtubule-bound, 
with very different signaling capabilities. Precise identification of arrestin elements 
mediating its interactions with each partner and elucidation of conformational 
dependence of these interactions will pave the way to the development of molecu-
lar tools for targeted enhancement or attenuation of arrestin interactions with 
individual partners. This structural information is necessary to devise conventional 
drug-based approaches and to engineer specialized “designer” arrestins that can 
compensate for defects in receptor regulation associated with congenital disorders 
and/or redirect arrestin-mediated signaling to desired pathways. Arrestins are at the 
crossroads of crucial pathways that determine cell fate and behavior. Therefore, 
targeted manipulation of arrestin-dependent signaling has an enormous therapeutic 
potential.

1 Introduction

The first member of the arrestin family was identified in the visual system (Kuhn 
1978). In rod photoreceptors, arrestin binds light-activated rhodopsin phosphorylated
by rhodopsin kinase and stops its signaling via G protein (Kuhn et al. 1984). Within 
a few years, it was discovered that the phosphorylation of other G protein-coupled 
receptors (GPCRs) by G-protein-coupled receptor kinases (GRKs) facilitates 
desensitization, but does not fully explain their functional uncoupling from G proteins
(Benovic et al. 1987). This pioneering work led to a search for the non-visual arrestin
homologues. Indeed, soon after rod arrestin (Shinohara et al. 1987), two ubiqui-
tously expressed non-visual counterparts were cloned (Lohse et al. 1990; Attramadal 
et al. 1992; Sterne-Marr et al. 1993). At the time, β2-adrenergic receptor (b2AR) 
was the only non-rhodopsin GPCR available in purified form in Dr. Lefkowitz’s 
lab, where these pioneering studies were performed. The first cloned non-visual 
arrestin clearly preferred b2AR over rhodopsin, so it was named β-arrestin (Lohse 
et al. 1990, 1992). The cloning of the second non-visual arrestin prompted the 
change of this purely historic name to β-arrestin1, whereas the other was named 
β-arrestin2 (Attramadal et al. 1992). Because even at that time it was perfectly clear 
that non-visual arrestins are not specific for b2AR but interact with a variety of 
GPCRs, a systematic nomenclature was also proposed in which rod arrestin became 
arrestin1, the non-visual homologues became arrestins 2 and 3 in the order of their 
cloning, and “s” or “l” was added to their names to distinguish between their short 
and long splice variants (Sterne-Marr et al. 1993). In this chapter, we use the systematic
names of mammalian arrestins.

Arrestin functions in the biology of the cell are surprisingly diverse. Arrestins 
bind and regulate the signaling of hundreds of different GPCRs (Carman and 
Benovic 1998; Gurevich and Gurevich 2006b). After direct arrestin interaction with 
clathrin was discovered 10 years ago (Goodman et al. 1996), numerous additional 
non-receptor binding partners were described. The list now includes protein kinases 
and phosphatases, ubiquitin ligases, small G proteins and their regulators, etc. 
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(recently reviewed in Lefkowitz and Shenoy 2005; Gurevich and Gurevich 2006a). 
Arrestin interactions with various receptors and non-receptor partners affect virtually
every aspect of cell function. Here we describe arrestin interactions with receptors 
and other signaling proteins as potential targets for therapeutic intervention using 
conventional pharmacological tools, such as drugs, as well as engineered arrestin 
proteins with modified functional capabilities.

2 The Functional Cycle of Arrestin Proteins

Every cell in the body constantly receives a variety of signals, so an “unstimulated 
cell” is as imaginary as an “ideal gas” in physics, but it is a convenient reference 
point. In the unstimulated cell, arrestins are fairly evenly distributed in the cytoplasm,
where they may be free or bound to soluble signaling proteins (Fig. 1) (Gao et al. 
2004; Witherow et al. 2004; Song et al. 2006; Wu et al. 2006). A certain proportion 
of cytoplasmic arrestins is bound to the microtubules via a relatively low-affinity 
interaction with K

D
 of about 25 µM (Hanson et al. 2007b), which is comparable to 

the ~25–50 µM concentration of polymerized tubulin in most cells (Hiller and 

Fig. 1 The functional cycle of arrestin proteins. (a) In a cell where most GPCRs are silent, arres-
tin is distributed throughout the cytoplasm. Some of the cytoplasmic arrestin is bound to microtu-
bules. The extent of nuclear localization depends on arrestin subtype (arrestin 2 >> arrestin 3) and 
cell type. Free cytoplasmic and nuclear arrestin interacts with several non-receptor binding part-
ners: JNK3, Mdm2, and likely many others. Microtubule-bound arrestin mobilizes ERK1/2 and 
Mdm2 to the cytoskeleton. (b) Upon stimulation of one or more GPCR subtypes a significant 
proportion of arrestin is mobilized to the receptor(s), so that the abundance of free and microtu-
bule-bound arrestin decreases. Receptor-bound arrestin serves as an organizer of signalosome, 
mobilizing numerous signaling proteins to the receptor and scaffolding c-Raf-1->MEK1->ERK1/2 
and ASK1->MKK4->JNK3 MAP kinase cascades
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Weber 1978; Ackmann et al. 2000). A certain amount of arrestin is also present 
in the nucleus (Scott et al. 2002; Wang et al. 2003; Song et al. 2006) or anchored 
to the plasma membrane via interactions with other proteins (Hunzicker-Dunn et 
al. 2002). The proportion of nuclear arrestin 2 varies depending on the cell type 
(Song et al. 2006). How much the stimulation of a particular GPCR affects the 
overall arrestin distribution in the cell depends on the relative expression of the 
receptor and arrestins. For example, arrestins 2 and 3 are expressed in the adult 
brain at ∼11 and 0.5 ng mg–1 total protein, which is equivalent to 250 and 10 fmol mg–1 

protein, respectively (Gurevich et al. 2002, 2004). Most GPCRs are expressed at 
30–300 fmol mg–1. Therefore, any individual GPCR in a neuron is likely to 
engage only a fraction of total arrestin. However, neuronal GPCRs are often con-
centrated in pre- or post-synaptic areas, enabling them to exhaust the immediately 
available “local” supply. GPCRs are expressed in other types of cells at compara-
ble levels, whereas the expression of both non-visual arrestins is significantly 
lower. Thus, in many cell types activated receptors may bind most, if not all, 
available arrestin (Fig. 1).

Receptor stimulation induces arrestin translocation to the plasma membrane 
(where the receptors reside) within minutes (Barak et al. 1997), although one 
should keep in mind that these experiments were performed in cells over-expressing 
both receptors and arrestins. However, similar receptor activation-driven arrestin 
redistribution is apparent in rod photoreceptors (Nair et al. 2005), the only cell type 
expressing sufficient amounts of endogenous arrestin to make its movement easily 
observable by immunochemistry (Nair et al. 2005; Hanson et al. 2007a). Massive 
binding of free arrestin by active phosphoreceptors reduces its concentration in the 
cytoplasm, shifting the equilibrium towards its dissociation from microtubules 
(Gurevich et al. 2007). Binding sites for GPCRs and microtubules on the arrestin 
molecule largely overlap, meaning that arrestin cannot simultaneously bind the 
receptor and microtubules (Hanson et al. 2006a, 2007b). Nanomolar arrestin affinity 
for phosphorylated receptors (Gurevich et al. 1995) as compared to micromolar 
affinity for microtubules (Hanson et al. 2006a, 2007b) ensures that the receptor 
always wins in this competition. Consequently, soon after receptor stimulation vir-
tually all arrestin ends up in a complex with the receptor. Arrestin may come to the 
receptor “empty-handed” or may bring one or more signaling proteins already 
bound to it (Fig. 1) (Song et al. 2006). Some arrestin-binding partners bind to both 
receptor-bound and free arrestin, whereas some prefer one form to the other 
(Gurevich and Gurevich 2003; Lefkowitz and Shenoy 2005). For proteins with 
higher affinity for free arrestin, “hitching a ride” with arrestin when it is mobilized 
to the receptor may be the only way to become a part of the receptor–arrestin complex. 
For example, the affinity of ubiquitin ligase Mdm2 for arrestin “frozen” in the basal 
state is higher than for the “pre-activated” arrestin mutant mimicking its receptor-bound
conformation. Most likely, free arrestin in the basal conformation binds Mdm2, brings
it to the receptor, and releases it upon receptor binding (Song et al. 2006). 
Nonetheless, receptor-bound arrestin may be a better substrate for Mdm2, for the level 
of arrestin ubiqutination by Mdm2 is proportional to the stability of the receptor–arrestin 
complex (Shenoy et al. 2001).
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Binding to the receptor induces the release of the arrestin C-tail (Hanson et al. 2006b) 
carrying clathrin and AP2 interaction sites (Goodman et al. 1996; Laporte et al. 1999; Kim 
and Benovic 2002). This enhances arrestin affinity for these components of the trafficking 
machinery (Kim and Benovic 2002; Xiao et al. 2004), ensuring that free arrestin in the 
cytoplasm does not compete with receptor–arrestin complex for clathrin and AP2 
(Gurevich and Gurevich 2003). By virtue of mobilizing clathrin and AP2 to the complex, 
bound arrestin promotes receptor internalization via coated pits, although arrestin binding 
per se does not necessarily mean that the receptor will follow this route of internalization 
(Pals-Rylaarsdam et al. 1997). Receptor-bound arrestin also mobilizes a number of signal-
ing proteins, such as c-Src, PDE4, ARNO, Arf6, etc., and serves as a scaffold for MAP 
kinase cascades, facilitating the activation of JNK3 and ERK1/2 (reviewed in Lefkowitz 
and Shenoy 2005; Gurevich and Gurevich 2006a,b). Arrestin interaction with some 
GPCRs is transient, so that arrestin is likely released soon after bringing the receptor to 
the coated pit. With other GPCRs, arrestin forms fairly stable complexes that internalize 
without dissociation (Oakley et al. 2000). Eventually, low pH in the endosome promotes 
the release of the activating agonist, whereupon arrestin dissociates and the receptor is 
dephosphorylated and recycled. Alternatively, internalized receptor can be transported to 
the lysosome and destroyed. Several lines of evidence suggest that increased stability of 
the complex makes the latter outcome more likely, whereas the formation of transient 
complexes favors recycling (Shenoy et al. 2001; Pan et al. 2003). Apparently, the partners 
that preferentially interact with receptor-bound arrestin dissociate when arrestin is released 
from the receptor (Gurevich and Gurevich 2003), although direct experimental evidence 
proving this scenario is still lacking. In the end, the system returns to its original state, with 
the majority of arrestin localized in the cytoplasm, some of it bound to the microtubules 
and/or other partners (Fig. 1).

3 Arrestin-Binding Partners

Arrestins apparently bind the great majority of GPCRs, in most cases demonstrating 
a strong preference for the phosphorylated agonist-activated functional form of the 
receptor. Arrestin selectivity is ensured by a sequential multi-site binding mechanism 
(Gurevich and Benovic 1993). In a nutshell, this mechanism involves the “phosphate 
sensor” in arrestin that binds receptor-attached phosphates and an “activation sensor” 
that binds to parts of the receptor that change conformation upon activation. Each of 
these interactions is low affinity. However, when the active phosphoreceptor engages 
both sensors simultaneously, arrestin undergoes a transition into a high-affinity 
receptor-binding state involving global conformational rearrangement of the mole-
cule that brings additional receptor-binding sites into action (reviewed in Gurevich 
and Gurevich 2004). Thus, free arrestin diffusing in the cytoplasm transiently binds 
via the “phosphate” and “activation” sensors to GPCRs it randomly encounters, 
“checking” their functional state. Because arrestin affinity for the other functional 
forms of the receptor is low enough to ensure rapid dissociation, only the encounter 
with the active phosphoreceptor turns arrestin on and results in tight binding.
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For a long time the fact that an individual receptor molecule is activated by an ago-
nist (or, in case of rhodopsin and other photopigments, by a photon of light) was 
believed to imply that a single arrestin molecule interacts with a single receptor 
(reviewed in Gurevich and Gurevich 2004, 2006b). However, the propensity of GPCRs 
to dimerize under certain circumstances inspired an alternative model, where a single 
arrestin molecule interacts with both receptors in a dimer (Liang et al. 2003). The con-
troversy surrounding the mechanistically fundamental issue of the stoichiometry of the 
arrestin–receptor interaction was resolved only recently (Hanson et al. 2007a). It has 
been demonstrated that each rhodopsin molecule binds its own arrestin, so that the 
binding is saturated at an ~1:1 ratio both in vivo in mouse photoreceptors and in the in 
vitro experiments with purified and carefully quantified proteins. Considering an amaz-
ing conservation of the receptor-binding mechanisms within the arrestin family 
(Kovoor et al. 1999; Vishnivetskiy et al. 1999, 2004; Celver et al. 2002; Sutton et al. 
2005), this finding strongly suggests that all arrestins bind individual molecules of their 
cognate receptors regardless of the receptor dimerization status.

Direct binding of arrestins to clathrin, the first non-GPCR partner discovered, 
was described 10 years ago (Goodman et al. 1996). The number of known non-
receptor binding partners of arrestin proteins has been growing ever since; it 
exceeded 30 at the last count (Gurevich and Gurevich 2006a) and keeps growing 
(Nelson et al. 2007). The variety of the signaling proteins interacting with arrestin 
is even more astonishing than their number. The list includes key players in protein 
trafficking (clathrin, AP2, and N-ethylmaleimide-sensitive fusion protein, com-
monly known as NSF); small GTPases and their regulators (Arf6, ARNO, 
Ral-GDS, RhoA); tyrosine kinases c-Src, Hck, Yes, and Fgr; MAP kinases JNK3 
and ERK1/2 and their respective upstream activators ASK1 and c-Raf-1; protein 
phosphatases PP2A and MKP7; protein kinase Akt, ubiquitin ligase Mdm2, NFκB
inhibitor IκBα, cAMP phosphodiesterase PDE4, calmodulin, microtubules, several 
receptors that do not belong to the GPCR superfamily, and many other proteins 
(reviewed in Lefkowitz and Shenoy 2005; Gurevich and Gurevich 2006a,b).

4  Arrestin Conformation Determines Its Binding 
and Signaling Capabilities

The most important question from the biological standpoint is whether arrestin 
interaction with a particular partner is enhanced, reduced, or not affected at all by 
its binding to other proteins, particularly GPCRs. Receptor binding induces a major 
conformational change in arrestin (Fig. 2) (Schleicher et al. 1989; Gurevich and 
Benovic 1993; Vishnivetskiy et al. 2002; Hanson et al. 2006b; Hanson and Gurevich 
2006, reviewed in Gurevich and Gurevich 2004, 2006a,b). The receptor can affect 
arrestin interactions with other partners via a simple mechanism: free and receptor-
bound arrestin presents a different “face” to the world (Gurevich and Gurevich 
2003). In other words, the conformation and/or accessibility of the elements in 
the arrestin molecules available to bind other partners is different in free and 
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Fig. 2 Conformational states of arrestin. The 
basal conformation of free arrestin is stabilized by 
several interactions between the two domains and 
by the C-tail anchored to the body of the 
N-domain (b). The concave surfaces of both 
domains (lighter shading) are involved in arrestin 
binding to receptors and microtubules, whereas 
the other side of the molecule (darker shading)
carries the binding sites for the partners that inter-
act with receptor- and/or microtubule-bound 
arrestin. Arrestin binding to both receptors 
(a) and microtubules (represented by a tubulin 
dimer that contains most of the arrestin binding 
site; (c) induces the release of the arrestin C-tail. 
These interactions also change the relative orien-
tation of the two domains, which apparently move 
“forward” (in the direction of the concave sides) 
in the receptor-bound arrestin and “backward” in 
the microtubule-bound state
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receptor-bound arrestins (Fig. 3). Interestingly, this obvious mechanism was actu-
ally proved only for arrestin interactions with clathrin and AP2. Arrestin C-tail is 
anchored to the body of the arrestin molecule via two sets of interactions, both of 
which are disrupted by the receptor-attached phosphates (Fig. 4) (Vishnivetskiy et 
al. 1999, 2000). The resulting release of the C-tail (Hanson et al. 2006b) makes 
clathrin and AP2 sites localized in this element more exposed, promoting their 
binding (Fig. 3). Indeed, mutations in arrestin (Kim and Benovic 2002) or phos-
phopeptides and other polyanions that facilitate the release of the C-tail (Palczewski 
et al. 1991; Xiao et al. 2004) enhance arrestin binding to these components of the 
trafficking machinery. It seems very likely that receptors similarly regulate arrestin 
interactions with other signaling proteins. However, experimental measurements of 
their affinity for free and receptor-bound arrestin, or even qualitative comparison of 
their binding to these two functional forms of arrestin, remain to be performed.

Nonetheless, several lines of indirect evidence suggest that the affinity of many 
partners and signaling consequences of their binding to arrestins depend on arrestin 
conformation. First, there are differences in signaling properties among arrestin 
subtypes. For example, free visual and both non-visual arrestins 2 and 3 bind JNK3 
comparably (Song et al. 2006), but arrestin 3 promotes receptor activation-dependent 
JNK3 phosphorylation more effectively (McDonald et al. 2000). Free arrestin 2, but 
not arrestin 3, is released from the membrane via the ARNO/Arf6-dependent mecha-
nism (Mukherjee et al. 2000; Hunzicker-Dunn et al. 2002), whereas both non-visual 
arrestins when bound to the receptor mediate ARNO/Arf6-dependent trafficking of 
β2-adrenergic receptor (Claing et al. 2001). Second, numerous arrestin-mediated 
signaling events are initiated by receptor activation (Lefkowitz and Shenoy 2005), 

Fig. 3 Conformational dependence of arrestin interactions with signaling proteins. Although the 
effect of arrestin conformation on the binding of the majority of arrestin partners remains to be 
elucidated, differential interactions of several proteins with free, receptor- and microtubule-bound 
arrestin have been demonstrated. Clathrin and AP2 preferentially bind receptor-associated arrestin 
via its released C-tail; it is not known whether microtubule binding-induced C-tail release has a 
similar effect. Calmodulin binding site includes the elements involved in receptor and microtubule 
interaction, so that it can only bind free arrestin. Ubiquitin ligase Mdm2 binds all forms of arrestin, 
but apparently has lower affinity for the receptor-bound state. JNK3 binds free and receptor-bound 
arrestin, but not the microtubule-bound form. ERK1/2 interacts with both receptor- and microtubule-
bound arrestin, whereas upstream kinases c-Raf-1 and MEK1 prefer the receptor-bound form. 
Note that in real life receptor-bound arrestin cannot simultaneously interact with all the partners 
shown here
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indicating that they require arrestin in the receptor-bound conformation. Several 
recent studies show that the situation may be more complex. It turns out that even 
with the same receptor, arrestin can form more than one type of complex with func-
tionally different consequences (Key et al. 2003; Kim et al. 2005; Ren et al. 2005; 
Vishnivetskiy et al. 2007). Thus, “receptor-bound conformation” may represent a 
whole family of distinct conformational states. Interestingly, in all cases the nature 
and functionality of the complex appears to be determined by differential receptor 
phosphorylation. For example, the localization of the phosphates in a particular serine-
threonine cluster in the N-formyl-peptide receptor (Key et al. 2003), the incorporation 
of the phosphates into angiotensin II (Kim et al. 2005) or V2 vasopressin receptor 
(Ren et al. 2005) by a particular GRK (presumably in different receptor elements), 
or the sheer number of attached phosphates in rhodopsin (Vishnivetskiy et al. 2007) 
yields functionally different arrestin–receptor complexes.

It was recently shown that arrestins bind microtubules (Nair et al. 2004; Hanson 
et al. 2006a, 2007b) and that the conformation of microtubule-bound arrestin differs 
from that of both free and receptor-bound states (Hanson et al. 2006a, 2007b). Thus, 
arrestins in the cell exist in at least three distinct conformations. The deletions in the 
inter-domain hinge (Fig. 4) impede arrestin–receptor interaction (Vishnivetskiy et al. 
2002), but promote its binding to microtubules (Hanson et al. 2006a, 2007b), 

Fig. 4 Intra-molecular interactions in arrestin proteins. The basal arrestin conformation is sta-
bilized by three interactions. The polar core in the center of the molecule includes the side chains 
of two positively charged residues (Arg169 and Arg393 in the β-strand X and the arrestin C-tail, 
respectively) and three negative charges (Asp26 in the N-domain and Asp290 and Asp 297 in the 
C-domain). It acts as the main phosphate sensor: receptor-attached phosphates neutralize the 
positive charge of Arg169, thereby disrupting the polar core and facilitating domain movement. 
The C-tail is anchored via hydrophobic interactions with the β-strand I and α-helix I to the body 
of the N-domain. This interaction is also destabilized by receptor-attached phosphates interacting 
with adjacent lysines on the β-strand I. It serves as an auxiliary phosphate sensor. An extensive 
hydrophobic interface between the bodies of the two domains is affected by arrestin binding to 
the non-phosphorylated receptor elements that change conformation upon activation. When the 
two domains move upon receptor or microtubule binding (Fig. 2), they “slide” along each other 
at this interface. Destabilization of all three interactions allows the movement of the arrestin 
domains relative to each other, which is limited by the length of the inter-domain hinge. It con-
tains 12 residues in all arrestins. Hinge deletions impede the “forward” (in the direction of the 
concave sides of the two domains), but not the “reverse” domain movement (Fig. 2), thereby 
compromising receptor binding and enhancing microtubule interaction
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 suggesting that these interactions require the movement of the two arrestin domains 
in opposite directions (Fig. 2). The microtubule-binding site on arrestin significantly 
overlaps with the receptor-binding site, leaving the “back” of the molecule (Fig. 2) 
free to interact with other proteins. Interestingly, some of them do just that: ERK1/2 
and Mdm2 bind microtubule-associated arrestin, as evidenced by arrestin-depend-
ent mobilization of these proteins to the cytoskeleton (Hanson et al. 2007b). 
However, in contrast to the receptor-bound state, microtubule-bound arrestin does 
not mobilize upstream activators of ERK1/2, c-Raf-1, and MEK1 (Hanson et al. 
2007b). As a result, arrestin-dependent ERK1/2 mobilization to microtubules 
reduces the ERK1/2 phosphorylation level in the cell (Hanson et al. 2007b), whereas 
ERK1/2 mobilization to the receptor increases its activation (Luttrell et al. 2001). 
Mdm2 apparently prefers basal (Song et al. 2006) and microtubule-bound forms, so 
that its arrestin-dependent mobilization to the microtubules dramatically increases 
the ubiquitination of cytoskeleton-associated proteins (Hanson et al. 2007b). To 
summarize, even when a binding partner interacts with different conformational 
states of arrestin with comparable affinity, the physiological consequences of these 
interactions are determined by arrestin conformation.

The comparison of the known crystal structures of receptors (Palczewski et al. 
2000; Li et al. 2004), arrestins (Hirsch et al. 1999; Han et al. 2001; Sutton et al. 
2005), and arrestin-binding partners suggests that a single arrestin molecule or a 
unitary arrestin–receptor complex can accommodate no more than four to six inter-
acting proteins (Gurevich and Gurevich 2006b). Thus, certain arrestin partners 
likely compete with each other. The competition between proteins interacting 
with overlapping or sterically close sites on arrestin has been demonstrated experi-
mentally. GPCRs engage the concave sides of both arrestin domains (Fig. 2) 
(Pulvermuller et al. 2000; Vishnivetskiy et al. 2004; Hanson et al. 2006b; Hanson 
and Gurevich 2006). “Footprints” of microtubules (Fig. 2) (Hanson et al. 2006a, 
2007b) and Ca2+-liganded calmodulin (Wu et al. 2006) map to the same arrestin 
surface. Indeed, GPCRs compete for arrestin with microtubules and calmodulin 
(Nair et al. 2005; Hanson et al. 2006a; Wu et al. 2006), and receptors usually win 
due to much higher affinity (Gurevich et al. 1995). It is very likely that other arres-
tin-binding partners also compete for the overlapping sites, but this competition and 
its biological significance remain to be experimentally elucidated.

5  Arrestin as a Target for Conventional 
Pharmacological Tools

Arrestins are ubiquitous adaptors linking GPCRs to a variety of signaling pathways by 
virtue of assembling multi-protein complexes (Lefkowitz and Shenoy 2005), some-
times referred to as “signalosomes.” It seems likely that the same arrestin–receptor 
complex can serve as the core of several types of signalosomes with different biologi-
cal consequences (Gurevich and Gurevich 2003, 2006b). Free and microtubule-bound 
arrestins also interact with many of the same signaling proteins, often with different 
functional outcomes (Song et al. 2006; Hanson et al. 2007b). Manipulating the structure 
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and composition of signalosomes in order to modulate specific signaling pathways is 
likely to have enormous experimental and, ultimately, therapeutic potential. Generally 
speaking, every protein–protein interaction interface within signalosomes can be 
selectively targeted. Conventional thinking usually focuses on molecules that disrupt 
the interaction by binding to one of the interaction sites and thereby occluding it. 
However, a similar approach can be used to strengthen the interaction with appropri-
ately designed small molecules that bind right next to the interaction interface in both 
proteins and create an additional “bridge” between them.

5.1 Arrestin–Receptor Interface

Receptor-binding elements in the arrestin molecule were identified by progressive 
deletions (Gurevich and Benovic 1992, 1993), differential chemical modifications 
and H/D exchange (Ohguro et al. 1994), element swapping between arrestin subtypes 
(Gurevich et al. 1995; Vishnivetskiy et al. 2004), site-directed mutagenesis (Gurevich 
and Benovic 1995, 1997; Kovoor et al. 1999; Vishnivetskiy et al. 1999, 2000; Celver 
et al. 2002; Hanson and Gurevich 2006), peptide competition (Pulvermuller et al. 
2000), epitope insertion (Dinculescu et al. 2002), and site-directed spin labeling-EPR 
(Hanson et al. 2006b). These elements clearly fall into two categories: phosphate-
binding residues (Gurevich and Benovic 1995, 1997; Vishnivetskiy et al. 1999, 2000; Sutton 
et al. 2005; Hanson and Gurevich 2006) and elements that bind non-phosphorylated 
parts of the receptor (Vishnivetskiy et al. 2004; Hanson et al. 2006b; Hanson and 
Gurevich 2006), presumably those that either change conformation or become 
exposed upon receptor activation. Both kinds invariably map to the concave sides of 
the two arrestin domains (Gurevich and Gurevich 2004, 2006b). Receptor-attached 
phosphates are the common feature of different arrestin-binding GPCRs. Every cell 
expresses several different GPCRs, but the signaling of just one receptor subtype usu-
ally has to be manipulated for therapeutic purposes. To achieve the desired selectivity 
of therapeutic intervention, the interaction of non-phosphate-binding arrestin 
elements with subtype-specific non-phosphorylated parts of the receptor must be tar-
geted. Considering that fewer than 25 non-conserved arrestin residues localized in 
two elements on the concave sides of the two domains determine receptor preference 
of arrestins (Vishnivetskiy et al. 2004), small-molecule mimics of different versions 
of these arrestin elements can be designed to disrupt arrestin interactions with 
selected receptors, while minimally affecting its binding to others. Further improve-
ment of our understanding of the structural basis of arrestin preference for particular 
GPCRs is needed to make this approach feasible. However, receptor mimics that bind 
arrestin appear less promising. These molecules would bind to endogenous arrestin 
and thus indiscriminately prevent its interaction with a variety of GPCRs.

Selective reduction of arrestin interactions with a particular GPCR would slow 
down its desensitization and internalization, thereby enhancing and prolonging G 
protein-mediated signaling. This kind of intervention has therapeutic potential in 
conditions usually treated with GPCR agonists (e.g., asthma) and agonist precursors
(e.g., Parkinson’s disease) because it counteracts the very process that severely 
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limits the beneficial effects of the agonists, i.e., receptor desensitization. Currently, 
loss of responsiveness resulting from repeated agonist administration necessitates 
the increase of doses, which leads to even more severe desensitization and exacerbates
side effects. Excessive desensitization of β2-adrenergic receptor and compensatory 
over-stimulation apparently underlies congestive heart failure (Rockman et al. 
2002). It seems likely that selective blockade of arrestin binding to β2-adrenoreceptor
has a potential to interrupt this vicious cycle in the heart.

5.2 Clathrin and AP2 Sites in the C-Tail

Clathrin and AP2 binding sites in the arrestin C-tail were localized with high precision
(Kim and Benovic 2002). Over-expressed arrestin C-tail binds clathrin and AP2, 
effectively functioning as a competitive suppressor of arrestin-dependent GPCR 
internalization (Orsini and Benovic 1998), suggesting that small molecule mimics 
of these two sites can be quite effective. However, pharmacological disruption of 
these interactions would unavoidably affect the internalization of all GPCRs in the 
cell, which reduces their appeal as possible therapeutic targets.

5.3 Arrestin-Binding Sites for the Non-Receptor Partners

Selective targeting of arrestin interactions with individual non-receptor partners has 
a tremendous therapeutic potential. Arrestin functions affect a huge variety of signaling
mechanisms (Lefkowitz and Shenoy 2005; Gurevich and Gurevich 2006a), some of 
which may underlie the pathology of multiple diseases. For example, increases in 
arrestin expression in the brain of MPTP-treated monkeys with Parkinsonian symp-
toms (Bezard et al. 2005) and human patients with Parkinson’s disease-dementia 
combination (Bychkov et al. 2007) were recently reported. Many arrestin-binding 
proteins (c-Src, ASK1, JNK3, c-Raf-1, ERK1/2, Mdm2, IκBα, etc.) are key players 
in pro-survival and pro-apoptotic pathways, suggesting that arrestin-mediated signaling 
participates in “life-or-death” decisions in the cell. Thus, enhancing pro-survival 
signaling at the arrestin level has a potential to prevent the excessive cell death 
characteristic for neurodegenerative diseases, such as Parkinson’s, Alzheimer’s, 
and retinitis pigmentosa, whereas enhancing arrestin-dependent pro-apoptotic 
signaling may counteract the excessive proliferation characteristic for every form 
of cancer. Pro-survival or pro-apoptotic “branches” of arrestin-mediated signaling 
could be modulated by enhancing or inhibiting the binding of pro- or antiapoptotic 
proteins, which can be achieved using properly designed small molecules. In the 
cell, interference with any one of the signaling pathways would also influence 
alternative arrestin-dependent signaling mechanisms. In a simplistic example, 
selective blockade of ERK1/2 binding would shift the balance toward the activation 
of JNK3, attenuating proliferation or even inducing apoptosis. Similarly, the disruption
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of arrestin-JNK3 interaction would re-direct the signaling to ERK1/2 and promote 
cell survival.

However, to realize the full potential of selective channeling of arrestin-mediated 
signaling, the binding sites for various partners must be mapped on the arrestin 
molecule with high precision. These studies are urgently needed: at the moment 
only arrestin elements involved in the binding to receptors (Vishnivetskiy et al. 
2004; Hanson et al. 2006b), clathrin and AP2 (Kim and Benovic 2002), microtu-
bules (Hanson et al. 2006a, 2007b), and calmodulin (Wu et al. 2006) have been 
properly mapped. The interaction sites for the remaining >20 binding partners are 
identified very imprecisely or not at all. Another issue that urgently requires 
thorough investigation is the competition and/or possible cooperation between 
different partners. For example, receptor-bound arrestin is believed to scaffold at 
least two MAP kinase cascades, c-Raf-1->MEK1->ERK1/2 and ASK1->MKK4-
>JNK3. A unitary arrestin–receptor complex is too small to accommodate all 
these proteins simultaneously (Gurevich and Gurevich 2006b), which suggests 
that it scaffolds either one of these cascades or the other. If arrestin interactions 
with MAPKKK (c-Raf-1 or ASK1) and MAPK (ERK1/2 or JNK3) were inde-
pendent, half of the complexes would contain wrong combinations of kinases and 
therefore be unproductive. It stands to reason that the binding of MAPKKKs and 
MAPKs is coordinated, so that the complexes preferentially contain combina-
tions of ERK1/2 with c-Raf-1 and JNK3 with ASK1. Direct experiments with 
purified proteins are needed to test which partners compete for the limited “park-
ing space” on receptor-bound arrestin and which partners cooperate to end up in 
the same complex. Although dimerization of receptors (Angers et al. 2002), each 
recruiting its own arrestin molecule (Hanson et al. 2007a), may relieve the “over-
crowding” of signaling proteins, it is unlikely to solve this particular problem, as 
members of the same MAP kinase cascade must be properly positioned relative 
to each other for the scaffold to work.

6  Custom-Designed Proteins: An Alternative Approach 
to Harness Arrestin-Mediated Signaling 
for Therapeutic Purposes

6.1 Modification of Receptor-Binding Elements

For therapeutic purposes it is usually necessary to modify the signaling via just 
one subtype of GPCR out of many expressed by the same cell type. For example, 
naturally occurring constitutively active receptor mutants were implicated in 
Jansen-type metaphyseal chondrodysplasia (Schipani et al. 1995), autosomal 
dominant non-autoimmune hyperthyroidism and toxic thyroid nodules (Paschke 
1996; Khoo et al. 1999), certain forms of cancer (Allen et al. 1991; Parnot et al. 
2002), and familial nephrogenic diabetes insipidus (Barak et al. 2001). Existing 
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arrestin mutants with enhanced ability to quench signaling (Gray-Keller et al. 
1997; Gurevich et al. 1997; Kovoor et al. 1999; Celver et al. 2002) appear to be 
promising tools for gene therapy in these cases. Unfortunately, both non-visual 
arrestins demonstrate very broad receptor specificity (Gurevich and Gurevich 
2006b), so tinkering with either would affect many GPCR subtypes, likely doing 
more harm than good. However, rod arrestin is fairly selective for its natural target, 
rhodopsin (Gurevich et al. 1995; Kovoor et al. 1999; Celver et al. 2002), demon-
strating that it is possible to construct an arrestin that preferentially binds just one 
type of receptor. Using a series of rod-arrestin 2 chimeras, the elements that deter-
mine receptor specificity were narrowed down to two relatively small pieces on the 
concave sides of the two arrestin domains. Swapping these two elements, which 
contain only 22 non-conservative substitutions between rod and arrestin 2, com-
pletely reverses their receptor preference (Vishnivetskiy et al. 2004). Thus, it is 
likely that by manipulating these residues one can construct arrestins with narrow 
receptor specificity, even with preference for just one GPCR subtype. Existing 
“super-arrestins” with enhanced desensitizing ability (Gray-Keller et al. 1997; 
Kovoor et al. 1999; Celver et al. 2002) appropriately modified to enhance selectiv-
ity for a mutant receptor subtype are promising tools for gene therapy in diseases 
associated with constitutive activity of GPCRs. The combination of high receptor 
specificity with other special characteristics, such as the ability to bind an active 
unphosphorylated form of the cognate receptor (Kovoor et al. 1999; Celver et al. 
2002), or preferential interaction with pro-survival or pro-apoptotic signaling mol-
ecules (Sect. 6.2 below), can further extend the therapeutic potential of these 
“custom-designed” arrestins.

However, the construction of receptor subtype-specific non-visual arrestins is 
not a trivial task. The main difficulty is in numbers: even if only 10–15 amino 
acids determine receptor specificity of arrestin proteins (Vishnivetskiy et al. 
2004), the number of possible combinations is enormous (>1020). Obviously, 
screening so many mutants to identify receptor subtype-specific arrestins is 
impractical. Thus, relatively few residues that play the most important role must 
be identified first. Our recent data indicate that we can narrow down the list of 
“prime suspects” to four or five (Vishnivetskiy S.A. and Gurevich V.V., unpub-
lished observations). Next, “intelligently designed” combination mutants that 
contain a residue of one of the four main types (positively charged, negatively 
charged, hydrophilic neutral, or hydrophobic) in each of these four to five posi-
tions should be constructed. This strategy brings the number of arrestin mutants 
that have to be tested to a manageable range (from 44 to 54, i.e., <1,000). Still, 
relatively high-throughput interaction assay (e.g., yeast-based) must be devel-
oped to screen even a few hundred mutants with the first batch of the 20–40 most 
common GPCR subtypes. The first round is unlikely to yield perfect receptor-
specific arrestins, but it will generate useful variants that can be further fine-
tuned. Importantly, these data will greatly improve our understanding of the 
structural basis of receptor specificity of arrestin proteins, paving the way to 
engineering true receptor subtype-specific arrestins.
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6.2 Changing the Affinity for Non-Receptor Partners

This task is simpler and much more straightforward than the design of receptor-
specific arrestins. However, it is currently hampered by inadequate identification of the 
arrestin sites mediating its interactions with the great majority of partners. This situ-
ation can be easily remedied by systematic mutagenesis of the non-receptor-binding 
side of arrestins (Figs. 2 and 3). Established interaction assays with purified 
(Hanson et al. 2007b) or radiolabeled translated proteins in vitro (Hanson and 
Gurevich 2006), site-directed spin-labeling (Hanson et al. 2006b, 2007b; Wu et al. 
2006), as well as cell-based methods, such as “nuclear exclusion assay” (Song et al. 
2006, 2007), can be used as readouts. For example, we have recently found that all 
four vertebrate arrestins comparably bind JNK3 and Mdm2, which identifies a rela-
tively small number of highly conserved residues on the non-receptor-binding side of 
the molecule as key players in these interactions (Song et al. 2007). The very process 
of mapping the “footprint” of a particular partner (e.g., by alanine-scanning muta-
genesis) generates a number of mutants with reduced binding. These can be further 
fine-tuned to completely obliterate the interaction by combining selected mutations. 
Enhancing protein–protein interactions is a bit harder than destroying them, but it is 
feasible. Most binding sites have an area of 2,000–4,000 Å2, where fewer than ten 
residues in each partner are in direct contact with the other. These residues are easily 
identified in the process of site mapping. Usually 10–20 additional side chains 
within the interface do not contact the partner. These residues can be replaced with 
those that have bigger side chains to bring them in contact with the partner. The first 
round is likely to yield a few arrestin mutants with increased affinity for the partner 
of interest, as well as a number of new mutants with reduced affinity. An additional 
H-bond increases free energy of interaction by 2–5 kcal mol–1, a salt bridge adds 
~5 kcal mol–1, and a hydrophobic interaction up to 3 kcal mol–1. The relationship 
between the free energy of association and affinity, ∆Go = -RTlnK

A
 (where R is gas 

constant = 1.99 cal mol–1 K–1; T is temperature in Kelvin, and K
A
 is the equilibrium 

association constant) suggests that a combination of mutations that adds two to four 
direct contacts between side chains of the two proteins can increase the affinity of 
the interaction 10–100-fold.

Mutant proteins with enhanced ability to bind particular partners are excellent tools 
for gene therapy, since gain of function can be achieved with a relatively low level of 
expression of these proteins. Loss of function, however, would require disrupting 
interactions of endogenous arrestins with specific proteins, which could be achieved 
using small mimics of arrestin elements that mediate its binding to individual partners. 
Alternatively, mutant proteins of a dominant negative type could induce loss of func-
tion. For example, if a mutant arrestin tightly binds one member of a signaling cascade 
but not the other(s) required for signaling, it would effectively act as a scavenger of 
the protein it binds, thereby reducing the activity of the whole pathway. Curiously, 
microtubule-bound arrestin acts in such a manner with respect to the MAPK pathway: 
it binds ERK1/2, but not c-Raf-1 or MEK1, causing reduction in cellular ERK1/2 
activity (Hanson et al. 2007b). The existence of a native arrestin conformation with 



30 V.V. Gurevich et al.

such “dominant negative” properties further supports the feasibility of constructing 
arrestin proteins with desired signaling behavior. Additionally, as discussed above, 
often the same effect can be obtained either by reducing the interaction with one part-
ner (e.g., pro-apoptotic kinases JNK3 or ASK1) or enhancing the binding of another 
with opposing biological activity (e.g., pro-survival kinases ERK1/2, c-Raf-1, or 
c-Src). Thus, the identification of arrestin elements mediating its interactions with non-
receptor partners will open almost limitless possibilities of modulating arrestin-mediated 
signaling in different ways. From the standpoint of therapeutic potential, some arrestin 
partners appear more promising than others. Arrestin interactions with proteins that 
enhance cell survival (protein kinases c-Src, c-Raf-1, ERK1/2, Akt; ubiquitin ligase 
Mdm2) or promote cell death (protein kinases ASK1, JNK3; NFκB inhibitor IκBα)
are of particular interest in this regard, as discussed in Sect. 5.3.

6.3 “Conformationally Biased” Mutants

Arrestin conformation is the key determinant of its functional capabilities (Gurevich 
and Gurevich 2003). Thus, mutations that affect the flexibility of the molecule and/
or limit the conformational space it can “explore” would enhance or reduce its ability 
to interact with some partners without affecting the binding to others, thereby dra-
matically shifting arrestin-mediated signaling. Crystal structure of arrestins (Hirsch 
et al. 1999; Han et al. 2001; Sutton et al. 2005) and functional studies (Vishnivetskiy 
et al. 2002; Hanson et al. 2006a,b) identify two significant conformational rear-
rangements in the molecule: receptor- and microtubule-binding induced the release 
of arrestin C-tail and the movement of the two arrestin domains relative to each 
other (Fig. 2). Destabilization of intramolecular interactions that hold arrestin in 
the basal conformation, the polar core and the one that anchors the C-tail to the 
body of the N-domain (Fig. 4), yield mutants that are more flexible than the wild 
type (Carter et al. 2005). These “pre-activated” arrestins demonstrate dramatically 
enhanced binding to active unphosphorylated receptor (Gurevich 1998), shut off 
the signaling even without receptor phosphorylation (Gray-Keller et al. 1997; 
Kovoor et al. 1999; Celver et al. 2002), and change the pattern of receptor traffick-
ing, greatly reducing its down-regulation and facilitating recycling (Pan et al. 2003). 
Interestingly, in cell-based assays these mutant forms of all arrestin subtypes bind 
JNK3 normally, but show reduced affinity for Mdm2 (Song et al. 2006, 2007), 
demonstrating that mutations designed to change arrestin conformation differen-
tially affect its interactions with receptors and non-receptor partners. Extensive 
deletions in the inter-domain hinge region (Fig. 4) restrict domain mobility, limiting 
their ability to move “forward,” in the direction of receptor-binding concave sides 
(Fig. 2). These mutations severely reduce receptor binding (Vishnivetskiy et al. 
2002), considerably enhance the binding to microtubules (Hanson et al. 2007b) and 
ubiquitin ligase Mdm2, but do not appreciably affect JNK3 interaction (Song et al. 
2006, 2007). Mutations that drastically change arrestin conformation and therefore 
simultaneously affect its interactions with multiple partners demonstrate the feasibility
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of constructing arrestins with “biased” signaling capabilities, but are not likely to 
yield proteins with therapeutic potential. Mutations that change arrestin flexibility 
in more subtle ways and affect its interactions with just one or very few partners 
appear more promising in this regard. Arrestin structure identifies the part of the 
molecule that must be targeted to achieve this goal: the extensive hydrophobic 
inter-domain surface along which the domains “slide” relative to each other 
(Fig. 4) (Sutton et al. 2005). The introduction of appropriately positioned opposite 
charges in the two domains can “fix” their relative orientation, “freezing” the arrestin
molecule in any conformation between the two extremes, receptor-bound-like and 
microtubule-bound-like (Fig. 2). Recent findings suggest that a similar strategy is 
actually used by cells, where arrestin bound to differentially phosphorylated receptor 
demonstrates a distinct signaling bias: it does or does not stabilize agonist-receptor 
interaction (Key et al. 2003), and does or does not promote ERK1/2 activation 
(Kim et al. 2005; Ren et al. 2005), while enhancing receptor internalization in 
both cases.

Obviously, binding partners that interact with both arrestin domains, such as 
receptors (Vishnivetskiy et al. 2004), microtubules (Hanson et al. 2007b), calmodulin 
(Wu et al. 2006), JNK3, Mdm2 (Song et al. 2007), and probably a number of others, 
are sensitive to these conformational manipulations, in contrast to the partners with 
the binding site localized on a single domain. Subtle manipulation of the conforma-
tional state of arrestin has a potential to change its signaling capabilities to a great 
extent. Moreover, the mutations affecting interactions with individual partners 
(described in Sect. 6.2) will likely produce a more dramatic effect in the context of 
conformationally restricted arrestins. Thus, the combination of both approaches has 
a better chance of yielding “designer arrestins” with precisely fine-tuned signaling 
bias specifically crafted for particular therapeutic purposes. Further development of 
vectors targeting individual tissues and cell types is needed to enable the delivery 
of these molecular tools to their intended targets.

7  Looking Farther Ahead: The Combination 
of Conventional and Unconventional

The main drawback of custom-designed arrestins described above is that each 
mutant is going to be essentially a “one-trick pony”: it will maintain the same change 
in the pattern of arrestin-mediated signaling as long as it is expressed. No doubt, 
there are many situations where tools of this type would be highly beneficial. 
For example, excessive signaling of mutant GPCRs is responsible for metaphyseal 
chondrodysplasia (Schipani et al. 1995), autosomal dominant hyperthyroidism 
(Paschke 1996; Khoo et al. 1999), cancer (Allen et al. 1991; Parnot et al. 2002), and 
familial diabetes insipidus (Barak et al. 2001). Successful gene therapy of these dis-
orders may well be accomplished by the expression of phosphorylation-independent 
“super-arrestins” fine-tuned for high selectivity for the receptor that causes the dis-
ease. Enhanced desensitizing potential of these arrestins has a good chance to bring 
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the signaling of the mutant receptor back to normal levels. Similarly, arrestins with 
anti-proliferative or simply pro-apoptotic signaling bias selectively expressed in 
cancerous cells by means of appropriate targeting vectors would likely solve the 
existing problem without creating new ones: after all, the ideal therapeutic outcome 
is the death of every cancer cell in the body. In contrast, it will be necessary to con-
trol the effectiveness of arrestin mutants with pro-survival signaling bias, the expres-
sion of which in affected neurons may be beneficial in neurodegenerative disorders, 
such as Alzheimer’s and Parkinson’s. Excessive signaling shift in that direction may 
lead to cell dedifferentiation, which would be just as harmful as the disease itself.

This problem can be solved by the use of “adjustable” arrestin mutants that can 
be constructed in different ways. For example, the binding site for an interaction 
partner can be mutated to make arrestin affinity for that particular partner dependent 
on the presence of a small molecule (that should be deliverable as a drug and should 
have no unwanted biological activity), e.g., is low in its absence and higher in its 
presence. Then the administration of different doses of this drug would gradually 
change arrestin-mediated signaling, allowing for dynamic control of mutant’s 
effect. It is worth noting that small molecules that change wild-type arrestin affinity 
for individual partners also can be designed (Sect. 5.3 above). However, drugs 
affecting endogenous protein would change arrestin-mediated signaling everywhere.
This may not be a fatal flaw: after all, the great majority of clinically used drugs 
reaches their targets via systemic circulation, thus producing a rather indiscriminate 
effect on signaling everywhere, but still yields beneficial effects. However, the 
combination of protein engineering with pharmacological agents can do better: 
target specially designed arrestin mutants expressed in a particular tissue or cell types
to achieve selective local control.

An alternative approach to designing arrestin mutants amenable to the regulation by 
exogenously administered drugs involves conformational control. It would require 
mutations in the inter-domain interface (Fig. 4) that create a binding site for the small 
molecule. If the occupancy of this site changes preferred arrestin conformation to that 
favorable (or unfavorable) for the interaction with a particular partner, the drug would 
enhance (or attenuate) arrestin-dependent activation of the pathway involving this inter-
action. Similar molecules targeting wild-type arrestin would have global effects, 
whereas tissue-specific control would require expression of a specially designed mutant 
in the tissue or cell type of interest. Because endogenous wild-type arrestins expressed 
in these cells will keep doing their job, adjustable gain-of-function mutants will be 
required to effectively change the balance of arrestin-mediated signaling.

These two approaches can be used simultaneously and combined with additional 
mutations in the binding sites for other arrestin partners to produce a virtually 
unlimited variety of “designer” arrestins with any combination of functional 
characteristics. Many of these mutants will have therapeutic potential that can be 
realized with rapid development of cell type and tissue-specific expression vectors. 
To make these exciting prospects a reality, fine molecular mechanisms of arrestin 
interactions with various signaling proteins must be elucidated. This includes 
precise identification of their binding sites on arrestin and determination of the 
conformational dependence of arrestin interactions with each binding partner.
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for cAMP Signaling
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Abstract Common challenges to any cell are the processing of the extracellular 
stimuli it receives into intracellular signaling cascades that initiate a multitude of 
diverse biological functions. However, many of these stimuli act via a common sig-
naling pathway, suggesting the cell must somehow discriminate between different 
stimuli and respond accordingly. Subcellular targeting through the association with 
adaptor and scaffolding proteins has emerged as a key mechanism by which cells 
maintain signaling specificity. Compartmentation of cAMP signaling is maintained 
by the clustering of cAMP signaling enzymes in discrete units by the scaffolding 
protein A-kinase anchoring proteins (AKAP). In doing so, AKAPs provide the 
molecular architecture for the cAMP micordomains that underlie the spacial-temporal
control of cAMP signaling.
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1 Introduction

The stimulation of cell membrane receptors provides specific information that is 
conveyed throughout the cell via a network of signal transduction pathways. One 
of the best-characterized pathways involves the diffusible second messenger 
cAMP. Since its discovery in 1958, many components of the cAMP pathway have 
been identified and characterized. Most often, cAMP signaling is initiated by 
hormone or neurotransmitter binding to G-protein-coupled receptors (GPCRs). 
Receptor stimulation causes the dissociation of Gα subunit from Gβγ subunits. In 
turn, Gαs

 activates adenylyl cyclase, a family of integral membrane proteins that 
catalyzes the synthesis of cAMP from ATP. The most common target of cAMP is 
the cAMP-dependent protein kinase A (PKA), although other effectors such as 
cyclic nucleotide-gated channels and the Rap1-guanine nucleotide exchange factor 
protein directly activated by cAMP (Epac) should be noted. PKA catalyzes the 
phosphorylation of an array of proteins located throughout the cell. cAMP signaling 
is terminated by phosphodiesterases that hydrolyze cAMP to 5′-AMP and phos-
phatases that dephosphorylate target proteins. Additionally, cAMP generation is 
opposed by cell membrane receptor-mediated activation of Gαi

, which inhibits 
adenylyl cyclase. While this pathway clearly defines the basic mechanics of cAMP 
signaling, it also presents a picture of the PKA enzyme happily phosphorylating 
all targets under any conditions of elevated cAMP. Research over the last 30 
years has decidedly demonstrated this is not the case, giving rise to the question 
of how specificity of phosphorylation is maintained. While the molecular mechanisms 
providing for specificity are not fully understood, new evidence suggests that 
individual signaling units or “signalosomes” consisting of adenylyl cyclases, 
cAMP effectors, and phosphodiesterases may account for the spacial-temporal 
activation of PKA. Importantly, the molecular glue that holds these signalsomes 
together are the scaffolding proteins A-kinase anchoring proteins (AKAPs). This 
chapter will highlight the role of AKAPs in the compartmentalization of cAMP 
and PKA signaling and will suggest how manipulation of AKAP complexes may 
be used to alter PKA signaling.

1.1 Compartmentation of cAMP Signaling

The idea of compartmentalized pools of PKA originated in the late 1970s when 
Corbin et al. (1977) showed the existence of both soluble and particulate fractions 
of PKA activity in the rat heart. Later experiments demonstrated that the two pools 
of PKA were differentially activated. While both particulate and soluble PKA were 
stimulated by β-adrenergic receptor agonists, ligand binding to prostaglandin 
receptors only activated soluble PKA (Hayes et al. 1979, 1980). Moreover, while 
both the β-AR agonist isoproterenol and prostaglandin E1 increased cAMP concen-
trations, only isoproterenol increased glycogen metabolism and phosphorylation of 
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troponin I (Brunton et al. 1979). These results illustrate that even though different 
hormones may act through the same second messenger, they can stimulate different 
pools of PKA and mediate distinct physiological responses.

More recent experiments have allowed the visualization of cAMP compart-
mentalization within a living cell. Elegant electrophysiological experiments by 
Jurevicius and Fischmeister (1996) revealed that local stimulation of β-adrenergic 
receptors on one side of a cardiac myocyte results in local cAMP production and 
the restricted stimulation of adjacent calcium channels. Zaccolo (2004) have 
extended these observations using a fluorescence resonance energy transfer (FRET) 
cAMP sensor based on the PKA holoenzyme. They found that β-adrenergic agonists 
preferentially generated cAMP at the myocyte transverse tubule and junctional
sarcoplasmic reticulum membranes, while the adenylyl cyclase activator forskolin 
produced global increases in cAMP levels. Their results suggest that in the cardiac 
myocyte cAMP could be restricted to compartments as small as 1 µm across. 
Remarkably, activation of the cAMP sensor by β-adrenergic agonists was depend-
ent on it being anchored by AKAPs and was enhanced by phosphodiesterase inhibi-
tion. Later, Mongillo et al. (2004) found that type-4 phosphodiesterases (PDE4) 
were specifically responsible for modulating the amplitude and duration of β-
adrenergic-induced cAMP signaling, while PDE3 controlled other pools of cAMP. 
The results of these and an increasing number of other recent studies support the 
existence of distinct cAMP microdomains that control specialized PKA signaling. 
These signaling domains are, in part, due to AKAPs.

2 AKAPs

AKAPs are a family of over 50 functionally related proteins defined by their ability 
to bind PKA. The PKA holoenzyme is a tetramer consisting of two catalytic (C) 
subunits held in an inactive conformation by a regulatory (R) subunit dimer (Scott 
1991). Binding of cAMP to the R subunits leads to the dissociation of the holoenzyme
and release of active C subunits. The C subunits are multifunctional serine/threonine 
kinases that phosphorylate a number of downstream targets. To date, three 
C-subunit genes (Cα, Cβ, Cγ) and four R-subunit genes (RIα, RIβ RIIα, and RIIβ)
have been identified (Taylor et al. 1990; Scott 1991). While the C-subunits display 
similar kinetic and physiological properties, the R-subunits exhibit distinct cAMP-
binding affinities and sub-cellular localizations (Taylor et al. 1990).

AKAPs bind the R-subunits of PKA via an amphipathic helix motif within the 
AKAP (Carr et al. 1992; Newlon et al. 2001). The molecular details of this association
are well characterized and will be discussed further in a subsequent chapter. Type-II 
PKA (containing RII subunits) binds to AKAPs with high affinity (K

D
 = 10−9M)

(Carr et al. 1992; Alto et al. 2003). While there are a few AKAPs that bind with 
high affinity to either type-I PKA alone or both type-I and type-II PKA, most 
AKAPs bind type-I PKA with a 1,000-fold lower affinity than type-II PKA (Stokka 
et al. 2006). As a result, type-I PKA is predominately cytosolic, whereas type-II 
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PKA is typically associated with cellular structures and organelles. The importance 
of AKAPs is underscored by the fact that half of the kinase activity in the mamma-
lian heart is associated with the particulate fraction (Corbin et al. 1977).

AKAPs exhibit several common properties (Fig. 1). By definition, all AKAPs 
bind PKA R-subunits and can mediate the immunoprecipitation of PKA catalytic 
activity from cells. The second property allows for the specific subcellular location 
of each AKAP. Distinct binding regions in each AKAP participate in protein/protein 
or lipid/protein interactions, allowing for the subcellular distribution of the AKAP 
(Fraser et al. 1998; Dodge and Scott 2000; Westphal et al. 2000). The third and most 
intriguing characteristic of AKAPs is that they coordinate the integration of enzymes 
from multiple signaling networks onto a specific substrate. These additional components
may be almost any protein in the signal transduction toolbox, including protein 
kinases, phosphatases, phosphodiesterases, and adenlyl cyclases, as well as G-protein-
coupled receptors and ion channels (Coghlan et al. 1995; Klauck et al. 1996; Fraser 
et al. 1998, 2000; Westphal et al. 1999; Dodge et al. 2001). Lastly, AKAPs are 
recruited into much larger multiprotein complexes through the interactions with other 
adapter molecules, such as PDZ and SH3 domain-containing proteins (Colledge 
et al. 2000; Westphal et al. 2000). These four properties of AKAPs allow the scaf-
folding proteins to integrate multiple signaling pathways, allowing for the conver-
gence of signals onto a common target.

3 Discovery of AKAP Function

Historically, most AKAPs were initially identified in screens for PKA-binding 
proteins. Thus, these AKAPs tend to be better characterized. The function and/or 
identity of many other putative AKAPs, however, remains obscure. For cellular proc-
esses where it has been suspected that PKA anchoring may be involved, techniques to 
globally disrupt PKA anchoring in a cell have proven quite useful. A peptide that 
mimics the RII-binding domain of AKAP-Lbc (termed Ht31 peptide) competes with 
AKAP/PKA binding both in vivo and in vitro (Carr et al. 1992). Over-expression of 

Other
Signaling
Enzymes

AKAP

RII RII
C CPKA

Adaptor
protein

Other
Signaling
Enzymes

Targeting
Domain

Fig. 1 Diagram depicting the four 
properties of AKAPs. AKAPs are 
defined based upon their ability to bind 
the R-subunit of PKA. Unique targeting 
domains contained within the individual 
AKAP determine their subcellular 
placement. One of the most intriguing 
properties of AKAPs is their ability to 
incorporate multiple signaling pathways, 
while the association with additional 
adaptor proteins allows AKAPs to 
integrate into multi-protein networks
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this peptide has been used to demonstrate the importance of PKA anchoring for several 
physiological functions (Rosenmund et al. 1994).

The use of the Ht31 peptide demonstrated the importance of AKAPs in non-insulin-
dependent diabetes mellitus (NIDDM) (Lester et al. 1997). Over-expression of the 
anchoring inhibitor peptide in primary islets and cloned beta cell lines blocked 
the ability of the hormone glucagon-like peptide (GLP-1) to stimulate insulin secre-
tion. Furthermore, expression of Ht31 in these cells disrupted cAMP-mediated 
increases in intracellular calcium. These data suggest that an anchored pool of PKA 
regulates both insulin secretion and calcium flux in these cells.

In another example of the importance of AKAPs, Fink et al. (2001) used adenoviral-
mediated expression of the Ht31 peptide in cardiac myocytes. Global inhibition of 
PKA anchoring in myocytes resulted in an increased rate and amplitude of cell 
shortening and relaxation. Furthermore, Ht31 expression blocked PKA phosphor-
ylation of troponin I and myosin-binding protein C, suggesting that AKAP-bound 
PKA regulates the phosphorylation of these targets. Both of these examples high-
light the dependence of proper physiological function on anchored PKA signaling. 
Thus, screens to identify other unknown AKAPs and the physiological pathways 
they mediate are warranted.

4 mAKAP as a Model for the Regulation of cAMP Signaling

The scaffold protein mAKAP is an example of an AKAP that is well characterized. 
Moreover, mAKAP provides an example of how AKAPs function to link multiple 
signaling pathways and to control local cAMP levels. mAKAPβ is a 230-kDa 
protein present at the nuclear envelope in both cardiac and skeletal myocytes 
(Kapiloff et al. 1999; Michel et al. 2005). The alternatively spliced-form mAKAPα
is present in neurons. mAKAP complexes can contain PKA, the phosphodiesterase 
PDE4D3, the calcium-activated calcium channel ryanodine receptor, the protein 
phosphatases PP2A, and calcineurin Aβ, nesprin-1α, Epac1, extracellular signal-
regulated kinase 5 (ERK5), and its upstream activator MEK5, 3-phosphoinositide-
dependent kinase-1 (PDK1), and p90RSK (Kapiloff et al. 1999; Marx et al. 2000; 
Dodge et al. 2001; Ruehr et al. 2003; Pare et al. 2004, 2005; Dodge-Kafka et al. 2005; 
Michel et al. 2005). Due to mAKAPβ’s large size and its association with the scaf-
fold protein nesprin-1α, additional mAKAPβ-binding partners likely will be 
identified.

The mAKAP signalosome is unique in that it regulates local cAMP levels 
through two conjoined negative feedback loops comprised of different signaling 
pathways (Fig. 2). These pathways converge on the associated phosphodiesterase, 
either stimulating or abating its activity, allowing for the precise tuning of the 
surrounding cAMP concentration. Phosphorylation of PDE4D3 at serine 13 enhances
the binding affinity of the phosphodiesterase for mAKAP, while phosphorylation 
of serine 54 increases the catalytic activity of the phosphodiesterase (Sette and 
Conti 1996; Carlisle Michel et al. 2004). This complex interaction between PDE 
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and kinase activity sets up a unique feedback mechanism allowing for the temporal 
control of kinase activity. In a myocyte, one expects that under basal conditions, 
mAKAPβ-bound PKA activity will be minimal due to the hydrolysis of ambient 
cAMP by bound PDE4D3. Upon β-adrenergic stimulation, cAMP concentrations 
increase, activating PKA. PDE4D3 is phosphorylated on both serine residues, 
increasing the binding affinity for mAKAPβ and PDE4D3 catalytic activity. These 
events form a negative feedback loop that inhibits the accumulation of local cAMP, 
resulting in the attenuation of PKA signaling.

Additional regulation of local cAMP levels is contributed by further phosphorylation
of mAKAP-bound PDE4D3. Phosphorylation of serine 579 by the MAP-kinase 
ERK5 inhibits PDE4D3 catalytic activity (Hoffmann et al. 1999). In contrast to the 

Fig. 2 Diagram depicting the mAKAPβ singalsome. The β-receptor stimulates the release of the 
Gαs subunit from the trimeric G-protein, initiating the activation of the adenylyl cyclase. The 
resulting increase in cAMP production stimulates the activation of PKA in the complex and 
phosphorylation of the two currently identified targets, PDE4D3 and RyR2. Phosphorylation of 
RyR2 increases the release of calcium, promoting the activation of calcineurin Aβ and dephospho-
rylation of the transcription factor NFAT. The now dephosphorylated NFAT translocates into the 
nucleus, where it promotes hypertrophic gene expression. The second target for PKA, PDE4D3, 
is responsible for turning off this pathway by decreasing the concentration of cAMP and promoting 
the formation of the PKA holoenzyme. However, stimulation of the map kinase ERK5 results in 
a decrease in cAMP hydrolysis by phosphorylating PDE4D3, lengthening the activation of PKA 
in the complex. Prolonged increases in cAMP concentration activate Epac within the complex, 
inhibiting ERK5
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effects of PKA phosphorylation, ERK5 phosphorylation promotes the local 
accumulation of cAMP around the mAKAPβ signalosome, potentiating PKA 
activation (Dodge-Kafka et al. 2005). Furthermore, ERK5 is targeted to the 
mAKAP complex through direct interaction with PDE4D3, and mutation of the 
ERK-binding domain on PDE4D3 blocks ERK5 association with the complex 
(Dodge-Kafka et al. 2005). Due to its phosphorylation by both PKA and ERK5, 
PDE4D3 serves as the fulcrum for the two negative feedback loops. Therefore, 
by tethering these three enzymes into the same signaling complex, mAKAPβ
permits the precise tuning of cAMP levels by both G

s
-coupled and MAP-kinase 

signaling pathways.
mAKAP-associated PDE4D3 also directly binds to Epac1. This cAMP effector 

regulates the activity of the small G-protein Rap1, which in turn regulates ERK5 in 
the mAKAP complex. As cAMP concentrations climb due to ERK5 and adenylate 
cyclase activation, Epac1, which has a 100-fold lower affinity for cAMP than PKA, 
is activated. Epac1 activation results in Rap1 activation, which subsequently leads to 
MEK5 and ERK5 inhibition. As a result, in the presence of very high levels of cAMP, 
PDE4D3 is not inhibited by the ERK signaling pathway, and cAMP degradation 
is favored.

Another important target of mAKAP-associated PKA is the ryanodine receptor 
(RyR). The RyR is responsible for the bulk release of calcium ions from intracellular 
stores and plays an important role in excitation–contraction coupling. Importantly, 
the cardiac RyR2 isoform is a substrate for PKA phosphorylation. Phosphorylation 
of RyR2 serine 2808 increases the channel’s sensitivity to calcium and the 
probability of channel opening (Marx 2003). A subset of nuclear RyR2 can be 
co-immunoprecipitated with mAKAPβ from cardiac myocytes, and β-AR stimulation
of primary myocyte cultures increases the phosphorylation of mAKAPβ-associated
RyR2 (Kapiloff et al. 2001). These findings suggest that within the local context 
of the mAKAPβ signalosome, PKA-mediated RyR2 phosphorylation could potentate
the release of calcium. Importantly, PKA-phosphorylated RyR2 may be 
de-phosphorylated by the associated phosphatase PP2A (Marx et al. 2000; 
Kapiloff et al. 2001). This complex formation and regulation of the RyR2 by the 
mAKAPβ complex may have important clinical applications, as Marx and colleagues 
have shown that PKA phosphorylation of RyR2 is increased in heart failure due to 
the decreased expression of PDE4D3 and local phosphatases as well as sustained 
β-adrenergic signaling (Marx et al. 2000; Lehnart et al. 2005).

One function of the calcium ion released by mAKAPβ-associated RyR2 may be 
the activation of the associated calcium/calmodulin-dependent phosphatase 
calcineurin Aβ. In vivo, calcineurin Aβ is important for the activation of NFATc 
(nuclear factor of activated T-cells) transcription factors and is required for the 
induction of cardiac hypertrophy (Lehnart et al. 2005). The functional significance 
of mAKAPβ-orchestrated stimulation of calcineruin was demonstrated by Pare et al. 
(2005), who found activation of RyR2 in the complex led to stimulation of the asso-
ciated phoshpatase and induction of cardiac hypertrophy. Furthermore, myocytes lacking 
mAKAPβ expression demonstrated a significant reduction of β-adrenergic-stimulation of 
cardiac hypertrophy. Importantly, regulation of the localized cAMP concentration 
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by the bound phosphodiesterase would affect the calcium release from the RyR2 and 
the activation of calcineurin Aβ and induction of cardiac disease.

5 AKAPs as Drug Targets

Due to the pleiotropic effects of cAMP signaling, it is no surprise that current 
therapies for some human diseases include the use of drugs that affect cAMP 
levels. For example, β-adrenergic agonists are a mainstay of asthma therapy due 
to cAMP-mediated relaxation of bronchial smooth muscle. In a complementary 
fashion, caffeine and theophylline have been used to inhibit phosphodiesterases. 
The problem with current cAMP-directed therapies is that many such drugs have 
unacceptable side effects. For example, β

2
-specific agonist therapy results in an 

increased risk of heart attacks (Salpeter et al. 2004). The discovery of AKAPs has 
brought the promise of more selective therapies that may target specific cAMP 
pathways. Because cAMP signaling and AKAP function in the cardiac myocyte 
have been especially well studied, AKAP-targeted therapy may be first directed 
towards heart disease.

During the induction of cardiac disease, increased catecholaminergic stimulation 
will induce cAMP signaling and the phosphorylation of PKA targets in the heart. 
Several lines of research suggest that this increased PKA activity will ultimately exac-
erbate the underlying cardiac condition. For example, overexpression of the β1-adren-
ergic receptor, the Gαs

 subunit, and the PKA catalytic subunit in the hearts of transgenic 
mice resulted in dilated cardiomyopathy (Iwase et al. 1997; Engelhardt et al. 1999; 
Bisognano et al. 2000; Antos et al. 2001). Moreover, the use of β-blockers to inhibit 
β-adrenergic receptor signaling is standard therapy in the management of heart failure 
(Lehnart et al. 2005; Adamson and Gilbert 2006; Shin et al. 2007). However, other 
research supports the notion that an increase in cAMP signaling is beneficial in cardiac 
disease. For example, overexpression of the type-VI adenylate cyclase in the hearts of 
Gαq

 transgenic mice improved contractile function and increased survival of these mice 
(Roth et al. 1999, 2002). Further, the PDE3 inhibitor milrinone has been used for several 
years as a treatment for cardiac disease (Shin et al. 2007). This inhibitor increases cAMP 
concentration in the heart, resulting in an increase in contractility.

These seemingly contradictory results are hard to reconcile until one begins to 
look at the microdomains of cAMP signaling in the heart. When one compares the 
cAMP content in both the cytosolic and particulate fraction from the normal to the 
failing human myocardium, the reduction in cAMP content in the failing heart is 
much more pronounced in the particulate fraction than in the cyosolic (Movsesian 
2004). Furthermore, phosphorylation of some PKA targets such as RyR2 is 
increased, while phosphorylation of other targets such as phospholamban is 
decreased in heart failure (Schwinger et al. 1999; Marx et al. 2000). Therefore, one 
goal for the treatment for heart disease might be to target individual PKA com-
plexes, thereby affecting the phosphorylation of individual substrates. Given that 
AKAPs are distinguished by their binding partners and locations, it may be possible 
to invent therapeutic strategies that specifically manipulate AKAPs of interest.
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To begin, perhaps the most elegant strategy for differential inhibition of PKA 
phosphorylation would be the expression of high-affinity Ht31-like molecules 
that would displace PKA from the AKAP complex. For example, Ht31 expres-
sion in myocytes was able to inhibit β-adrenergic-induced PKA phosphorylation of 
troponin I and myosin basic protein, but not β-adrenergic-induced phospholam-
ban phosphorylation (Fink et al. 2001). One might imagine that Ht31 expression 
in the failing heart might reverse RyR2 hyper-phosphorylation, without further 
decrease of phospholamban phosphorylation. This concept was supported by the 
work of Pare et al. (2005). Disruption of PKA association with mAKAPβ in 
myocytes inhibited adrenergic-induced cellular hypertrophy. Other AKAPs may 
also be potential targets for this approach. For example, AKAP15/18-bound 
PKA is responsible for β-agonist-induced potentiation of the L-type calcium 
channel, such that direct PKA phosphorylation increases the open probability of 
the channel (Fraser et al. 1998; Gray et al. 1998). Calcium channel blockers are 
currently used for the treatment of left ventricular hypertrophy (Onose et al. 
2001). Therefore, displacing PKA bound to AKAP15/18 would reduce β-AR 
stimulation of the L-type calcium channel, potentially having a similar effect in 
vivo as channel blockers.

AKAPs localize PKA to specific subcellular domains through their unique target-
ing domains, resulting in the efficient phosphorylation of local PKA substrates 
(see Fig. 1). Therefore, disruption of AKAP localization is a second potential 
therapeutic approach to limit the hyper-phosphorylation of PKA substrates in 
disease states. For example, mAKAPβ is directed to the nuclear envelope 
through binding to the integral membrane protein nesprin-1α (Kapiloff et al. 
1999; Pare et al. 2004). Overexpression of the mAKAPβ spectrin-repeat targeting 
domain in cardiac myocytes displaces mAKAPβ from nesprin-1α and the 
nuclear envelope. Importantly, displacement of mAKAPβ from its normal cel-
lular location is sufficient to block the induction of myocyte hypertrophy 
(Dodge-Kafka et al. 2005; Pare et al. 2005). Again, AKAP15/18 may be another 
useful example. AKAP15/18 associates with the L-type calcium channel through 
a leucine zipper motif (Hulme et al. 2003). A peptide mimicking this binding 
domain can compete with AKAP15/18 for channel binding, inhibiting β-adrenergic 
stimulation of the channel (Hulme et al. 2003).

Although AKAPs are defined by their ability to bind and localize PKA, most 
AKAPs are multivalent scaffolds that bind components of other signaling path-
ways (see Fig. 1). Just like Ht31 peptide will displace PKA from its anchoring 
proteins, other peptides may be derived that will displace other signaling 
enzymes from AKAP complexes. For example, the mAKAPβ signalosome 
includes ERK5, which is involved in the induction of cardiac disease (Takahashi 
et al. 2005). Displacement of ERK5 from the mAKAPβ signalosome by over-
expression of a mAKAPβ-derived binding peptide may prove useful to inhibit 
the cardiac disease.

Finally, the advent of RNA interference foretells an era in which genes may be 
selectively inhibited in patients at will. For example, one might imagine that future 
treatment of heart failure will include the introduction of mAKAPβ-specific small 
interfering RNA that will attenuate the development of myocyte hypertrophy.
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6 Future Directions

Although the second messenger cAMP and its major target PKA have been extensively
studied, the idea that localized domains of cAMP result in the discrete activation of 
select pools of PKA is still relatively novel. Multiple lines of research have impli-
cated the role of AKAPs in providing the molecular architecture of these microdo-
mains. However, the analysis of the physiological significance of AKAPs is still 
incomplete. Undoubtedly, this field will benefit from genetic approaches utilizing 
knockout mice of the various AKAPs. These studies should not only provide insight 
into the molecular mechanisms of AKAP function, but also into the physiological
roles of the different AKAP scaffolds. In particular, AKAP knock-out mice will be 
useful in determining whether individual AKAPs are potential targets for therapeutic 
intervention. These studies will complement existing information using the Ht31 
peptide to globally disrupt PKA anchoring in a multitude of cells.

The paradox seen in the heart that cAMP can lead to both “good” and “bad” 
outcomes highlights the importance of cAMP micodomains and the ability of the 
cell to main these domains under stress conditions. Thus, one can imagine restoring 
the balance of cAMP signaling by modulating these localized domains. AKAPs 
would provide an ideal mechanism for the management of cAMP microdomains 
and may provide novel therapeutic strategies against heart failure. However, to 
utilize this approach would require an in-depth analysis of AKAP targets and their 
phoshorylation status in the heart disease.

The disadvantage of targeting PKA/AKAP interactions is that all known inhibi-
tory reagents are not specific for a particular AKAP. Therefore, the development of 
anchoring inhibitory peptides that affect only one specific AKAP would be of great 
interest. For example, Alto et al. (2003) used both computer-based modeling and 
peptide-array analysis to design a peptide that is 10,000-fold more selective for 
disrupting AKAP/RII interactions over RI. Importantly, the complete understanding 
of the AKAP complex and its role in the regulation of cell biology will allow for 
the design of novel drugs, providing potential therapeutic strategies for the treatment 
and management of many diseases.
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Role of Ena/VASP Proteins in Homeostasis
and Disease

G. Pula and M. Krause(*ü )

Abstract The actin cytoskeleton is required for many important processes during 
embryonic development. In later stages of life, important homeostatic processes 
depend on the actin cytoskeleton, such as immune response, haemostasis and blood 
vessel preservation. Therefore, the function of the actin cytoskeleton must be tightly 
regulated, and aberrant regulation may cause disease. A growing number of proteins 
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have been described to bind and regulate the actin cytoskeleton. Amongst them, 
Ena/VASP proteins function as anti-capping proteins, thereby directly modulating the 
actin ultrastructure. Ena/VASP function is regulated by their recruitment into protein 
complexes downstream of plasma membrane receptors and by phosphorylation. As 
regulators of the actin ultrastructure, Ena/VASP proteins are involved in crucial 
cellular functions, such as shape change, adhesion, migration and cell–cell interac-
tion and hence are important targets for therapeutic intervention. In this chapter, we 
will first describe the structure, function and regulation of Ena/VASP proteins. Then, 
we will review the involvement of Ena/VASP proteins in the development of human 
diseases. Growing evidence links Ena/VASP proteins to important human diseases, 
such as thrombosis, cancer, arteriosclerosis, cardiomyopathy and nephritis. Finally, 
present and future perspectives for the development of therapeutic molecules interfering 
with Ena/VASP-mediated protein–protein interactions are presented.

1  Domain Structure and Functions 
of the Ena/VASP Proteins

The Ena/VASP family in vertebrates consists of three family members: VASP 
(vasodilator stimulated phosphoprotein), Mena (mammalian enabled) and EVL 
(Ena VASP-like). Both C. elegans and Drosophila harbour only one ortholog, 
unc-34 and ena, respectively. All Ena/VASP proteins have the same domain structure:
an N-terminal Ena/VASP homology 1 (EVH1) domain, a central proline-rich 
domain and a C-terminal Ena/VASP homology 2 (EVH2) domain (Halbrugge and 
Walter 1989; Gertler et al. 1989, 1996).

1.1 EVH1 Domain Structure and Function

The EVH1 domain adopts a structure similar to pleckstrin homology (PH) 
domains. However, EVH1 domains do not bind to phospholipids. Instead, they 
mediate specific protein–protein interactions with proline-rich short peptide 
motifs. This interaction is important for the recruitment of EVH1 domain-harbouring 
proteins to specific subcellular locations and to membrane receptor complexes. 
According to their ligand specificity, they can be divided into four classes. Class-I 
EVH1 domains bind to a peptide with the consensus sequence (D/E)-(F/W/Y/L)-P-
P-P-P-X-(D/E)-(D/E)-(D/E)-L. Class-II EVH1 domains found in Homer/Vesl 
proteins bind to the consensus sequence PPXX(F/W/Y)XD. Class-III EVH1 
domains are found in N-WASP and WASP, and are also called WH1 domains. They 
mediate specific binding to a considerably longer EVH1-ligand found in WIP and 
WIP-related proteins (Volkman et al. 2002; Zettl and Way 2002; Peterson et al. 
2007). The last class consists of the EVH1 domains found in Spred proteins, for 
which there are no known ligands. However, the crystal structure of the Spred 
EVH1 domain indicates that it represents a fourth distinct EVH1 class (Bundschu 
et al. 2006; Harmer et al. 2005; Wakioka et al. 2001). In this review, we will 
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concentrate on the class-I EVH1 domain that is found exclusively in Ena/VASP 
proteins.

The EVH1 domain is composed of two anti-parallel beta sheets followed by a 
C-terminal alpha helix. The proline-rich peptide adopts a left-handed poly-l-proline
II helix that binds primarily to aromatic amino acids within a deep grove formed by 
beta-strands within the EVH1 domain (Fedorov et al. 1999; Prehoda et al. 1999). 
This binding modus is similar to the interaction of SH3 and WW domains and 
Profilin with their proline-rich ligands. However, the binding surfaces in these 
domains are flat compared to the deep grove found in the EVH1 domain. 
Furthermore, specificity in the binding of the class-I EVH1 domain to its ligands is 
ensured by the aromatic residue N-terminal of the poly-l-proline helix and the 
acidic residues flanking both sides of it (Niebuhr et al. 1997; Carl et al. 1999; 
Fedorov et al. 1999; Prehoda et al. 1999; Ball et al. 2000). EVH1 class-I domain 
binding sites are found in several proteins (see Table 1) and mediate recruitment of 
Ena/VASP proteins to specific subcellular sites and receptor complexes.

1.2 Structure and Function of the Proline-Rich Domain

The central proline-rich domain is the least conserved region within the Ena/VASP 
proteins. However, all Ena/VASP proteins harbour proline-rich binding sites that confer 
binding to profilin within the central region (Reinhard et al. 1995; Gertler et al. 1996; 
Lambrechts et al. 2000). Mena differs most from VASP and EVL within this domain 
because it contains a highly charged region of unknown function directly after the EVH1 
domain (Gertler et al. 1996). Furthermore, different isoforms of Mena are expressed, and 
the additional exons are found within the central region. Mena has three additional exons, 
of which the longest is exclusively present in the 140-kDa neuronal Mena isoform 
(Gertler et al. 1996). Another Mena isoform, Mena(S), is unique among the Ena/VASP 
proteins by omitting most of the profilin-binding sites (Tani et al. 2003).

The central proline-rich domain of Ena/VASP proteins also harbours binding 
sites for SH3 and WW domain-containing proteins. It has been shown that EVL can 
interact with the SH3 domain of Lyn, nSrc, c-Abl, Spectrin, and Tuba (Lambrechts 
et al. 2000; Rotter et al. 2005; Salazar et al. 2003; Bournier et al. 2006). VASP 
interacts with the SH3 domain of LASP-1 and Tuba (Salazar et al. 2003; Keicher 
et al. 2004). An interaction of Mena with the SH3 domains of c-Abl, Tuba, and Src 
has been identified (Gertler et al. 1996; Salazar et al. 2003). Finally, the WW 
domain of FE65 can directly interact with proline-rich peptides in the central region 
of Mena and EVL (Ermekova et al. 1997; Lambrechts et al. 2000).

1.3 EVH2 Domain Structure and Function

The EVH2 domain contains binding sites for G-actin (Walders-Harbeck et al. 2002; 
Chereau and Dominguez 2006) and F-actin (Bachmann et al. 1999; Huttelmaier 
et al. 1999; Harbeck et al. 2000). The most C-terminal part of the EVH2 domain 
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Table 1 EVH1 class-I-domain-binding sites found in different ligand proteins

Listeria monocytogenes DFPPPPTDEEL
ActA EFPPPPTDEEL
 (Niebuhr et al. 1997) EFPPPPTEDEL

DFPPIPTEEEL
Human Fat-1 DFPPPPED
 (Moeller et al. 2004; 
 Niebuhr et al. 1997; 
 Tanoue and Takeichi 2004) 
Human Fyb/SLAP IFPPPPDDDIYDG
 (Krause et al. 2000) 
Human Lamellipodin QFPPPPTPPAME
 (Krause et al. 2004) DFPPPPPESSL

VFPPPPPSPVP
EFPSPPSDSDF
DFPPPPPETDL
DLPLPPIE
MALPPPPPEL

Migfilin DLLPPPPPPPPVLLPSEEE
 (Zhang et al. 2006) 
Palladin PFPPPPPAFPEL
 (Boukhelifa et al. 2004) DVFPLPPPPPPLP
Human RIAM DDLPPPPAD
 (Lafuente et al. 2004) DLPLPPPPPEPL

SLPPPPPVRR
DDFLPPPPPPPPLDD
ELPPPPPD
DFVPPPPPSYA
ELPPPPPPPAP

Drosophila Robo EFLPPPPEHPPP
 (Bashaw et al. 2000) 
Human Vinculin PDFPPPPPDLEQLR
 (Brindle et al. 1996; 
 Reinhard et al. 1996) 
Human Xin EDLPLPPPPALEDL
 (van der Ven et al. 2006) 
Human Zyxin EDFPLPPPPLAGDG
 (Drees et al. 2000) GAFPPPPPPMIEEP

ESFPPAPLEEEIFP
 EIFPSPPPPPEEEG

contains a coiled-coil motif that mediates tetramerisation of Ena/VASP proteins 
(Bachmann et al. 1999; Barzik et al. 2005; Kuhnel et al. 2004; Zimmermann et al. 
2002). The main molecular function of Ena/VASP proteins is to allow elongation 
of actin filaments by protecting them from being capped by capping protein. The 
G- and F-actin-binding sites and the coiled-coil motif are required for this function 
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(Barzik et al. 2005; Bear et al. 2002). This anti-capping activity is potentiated by 
the recruitment of profilin to its binding site in the central proline-rich region 
(Barzik et al. 2005).

2 Protein Complexes Containing Ena/VASP Proteins

2.1 Listeria

The facultative intracellular pathogen Listeria monocytogenes can invade mam-
malian cells and once in the cytoplasm can use the host actin cytoskeleton to 
propel itself forward (Frischknecht and Way 2001; Gouin et al. 2005). When it 
reaches the plasma membrane, it can push into a neighbouring cell, thereby ena-
bling cell-to-cell spread of this pathogen. The recruitment of host Ena/VASP 
proteins by FP4 motifs of the surface protein ActA is required for intracellular 
motility of Listeria. This uncovered for the first time the fact that Ena/VASP 
proteins are essential for the regulation of actin polymerisation (Chakraborty 
et al. 1995; Smith et al. 1996). Importantly, ActA can also bind to and activate 
the Arp2/3 complex. The activation of this seven-protein complex leads to the 
nucleation of new actin filaments from the sides of existing filaments, resulting 
in the formation of a dendritic array of actin filaments. The combination of the 
function of the Arp2/3 complex and Ena/VASP results in the formation of an 
F-actin tail that propels Listeria through the host cell cytoplasm (Frischknecht 
and Way 2001; Gouin et al. 2005).

2.2 Focal Adhesions and Stress Fibres

In fibroblastic cells and platelets, Ena/VASP proteins are recruited to large 
protein complexes that anchor long anti-parallel bundles of actin filaments 
(stress fibres) to cell-matrix adhesion sites called focal adhesions. Several FP4 
motif-containing proteins such as zyxin, vinculin, palladin, migfillin and RIAM 
localise to focal adhesions and are required to recruit Ena/VASP proteins to 
these sites (Brindle et al. 1996; Reinhard et al. 1996; Drees et al. 2000; 
Boukhelifa et al. 2004; Han et al. 2006; Jenzora et al. 2005; Zhang et al. 2006). 
Interestingly, vinculin can recruit both Ena/VASP and Arp2/3 (see below) to 
focal adhesions where barbed end growth has been observed (DeMali et al. 
2002; Machesky and Hall 1997). Zyxin and palladin are also able to recruit Ena/
VASP proteins into a periodical pattern along stress fibres. Interestingly, VASP 
overexpression in endothelial cells led to an increased formation of stress fibres 
(Price and Brindle 2000). However, Ena/VASP proteins are not required for 
stress fibre formation, and the precise function of Ena/VASP in this process is 
unknown (Bear et al. 2000).
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2.3 Lamellipodia and Filopodia

Binding of the EVH1 domain to FP4-containing proteins is sufficient for the 
recruitment of Ena/VASP proteins to the very edge of lamellipodia and filopodia 
(Bear et al. 2001). So far, only three proteins with FP4 motifs have been identified 
that co-localise with Ena/VASP at this location: lamellipodin (Lpd), RIAM and the 
cadherin Fat-1 (Jenzora et al. 2005; Krause et al. 2004; Lafuente et al. 2004; 
Moeller et al. 2004; Tanoue and Takeichi 2004). Lpd, RIAM and the sole ortholog 
in C. elegans mig-10 belong to the MRL (MIG10, RIAM, Lpd) protein family. 
They all harbour a Ras-association and a PH domain. Both Lpd and RIAM contain 
several FP4 motifs through which they directly interact with Ena/VASP proteins 
(Krause et al. 2004; Lafuente et al. 2004). Lpd interacts with active Ras, whereas 
RIAM preferentially binds to active Rap1 (Krause et al. 2004; Lafuente et al. 2004; 
Rodriguez-Viciana et al. 2004). The PH domain of Lpd binds specifically to 
PI(3,4)P2, a phosphoinositol that is produced by dephosphorylation of the PI3 
kinase product PI(3,4,5)P3 by Src homology 2 domain-containing inositol 5-phosphatase
(SHIP), and it localises at PDGF-induced membrane ruffles. The leading edge 
localisation of Lpd is independent of Ena/VASP proteins, indicating that Lpd func-
tions upstream of Ena/VASP. Importantly, knockdown of Lpd expression led to 
impairment of lamellipodia formation. Conversely, overexpression of Lpd led 
to faster lamellipodial protrusion and ruffle formation, a phenocopy of Ena/VASP 
overexpression. This Lpd overexpression phenotype was dependent on Ena/VASP, 
indicating that Lpd function is mediated by Ena/VASP (Krause et al. 2004).

Fat1 cadherin belongs to a distinct subfamily of transmembrane cadherin cell–
cell adhesion proteins and is also found at the extremity of lamellipodia and filopo-
dia. This localisation is independent of Ena/VASP proteins. Fat1 cadherins harbour 
FP4 motifs mediating direct interaction with Ena/VASP proteins. Knockdown of 
Fat1 expression resulted in decreased lamellipodial protrusion velocity, reduced 
speed of cell migration in a scratch (wound) healing assay and disturbed cell–cell 
contacts (see below). However, Ena/VASP recruitment to the leading edge was only 
reduced, but not abolished, indicating that Fat1 is not the only mechanism for 
recruitment of Ena/VASP (Moeller et al. 2004; Tanoue and Takeichi 2004).

Our current hypothesis for the molecular function of Ena/VASP proteins at the 
extremity of lamellipodia and filopodia is that Ena/VASP proteins can bind at or 
near the barbed end of actin filaments and protect them from being capped by 
capping proteins. These Ena/VASP-protected actin filaments can rapidly elongate. 
When Ena/VASP are overexpressed or artificially targeted to the leading edge, this 
leads to the creation of an array of long, less branched actin filaments. In fibroblasts,
this leads to fast protruding, but unstable lamellipodia, whereas in the growth cones 
of primary neurons, this induces the formation of multiple filopodia. Conversely, 
when Ena/VASP localisation to the leading edge is prevented, this leads to an array 
of very short, highly branched actin filaments and slower, but productive (more 
adherent) lamellipodial protrusion in fibroblasts and highly reduced filopodia 
formation in primary neurons (Bear et al. 2002; Lebrand et al. 2004).
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2.4 Cell–Cell Junctions (Endothelia/Epithelia)

The FP4 motif containing proteins zyxin, vinculin, migfilin and Fat1 colocalizes with 
Ena/VASP proteins at cell–cell junctions (Geiger 1979; Crawford and Beckerle 1991; 
Vasioukhin et al. 2000; Moeller et al. 2004; Tanoue and Takeichi 2004; Gkretsi et al. 
2005). E-cadherin homophilic ligation is necessary to recruit Ena/VASP to cell–cell 
adhesions (Scott et al. 2006). Importantly, actin assembly at cell–cell contacts 
requires Ena/VASP activity (Baum and Perrimon 2001; Scott et al. 2006). Genetic 
evidence suggests that Ena and the tyrosine kinase Abl negatively regulate each other 
in the embryonic nervous system and during epithelial morphogenesis of Drosophila
(Gertler et al. 1990, 1995; Baum and Perrimon 2001; Grevengoed et al. 2001). 
Furthermore, Ena genetically interacts with the adherens junction protein Armadillo 
(the Drosophila beta-catenin ortholog) during epithelial morphogenesis (Grevengoed 
et al. 2001). Taken together, this indicates that Ena/VASP proteins play an important 
role in epithelial cell–cell contact formation.

2.5 Immunological Synapse

The immunological synapse is a specialised cell–cell adhesion site between activated
T-cells and antigen-presenting cells (Tseng and Dustin 2002). Activation of the 
T-cell receptor induces activation and recruitment of several tyrosine kinases 
including ZAP70, Lck and Fyn. The phosphorylation and subsequent recruitment 
of the Fyb/SLAP/ADAP, Slp-76, LAT and Nck adapter molecules results in the 
assembly of a protein complex that also includes WASP and Ena/VASP proteins at 
the immunological synapse (Jordan et al. 2003; Krause et al. 2000). Fyb/SLAP/
ADAP is a haematopoietic-specific adapter molecule that harbours an FP4 motif 
that directly interacts with Ena/VASP proteins. Importantly, recruitment of both 
Arp2/3 complex, presumably through WASP, and Ena/VASP proteins was required 
for the induction of actin polymerization at the T-cell/anti-CD3-coated bead interface,
mimicking antigen-presenting cells (Krause et al. 2000). Similarly, the bacterial 
pathogen Listeria monocytogenes requires the recruitment of both Ena/VASP and 
the Arp2/3 complex to its ActA surface protein for actin polymerization and 
efficient intracellular motility (Frischknecht and Way 2001). This showed for the 
first time that in mammalian cells both Ena/VASP and Arp2/3 are required for efficient
actin polymerisation downstream of a cell surface receptor (Krause et al. 2000). In 
contrast to the bacterial protein ActA, the recruitment of Ena/VASP and Arp2/3 is 
mediated through the assembly of a protein complex, which allows spatial and 
temporal regulation. Obviously, this is not essential for Listeria, which requires the 
constitutive induction of actin polymerization for its own motility, cell-to-cell 
spread and pathogenicity.

Fyb/SLAP/ADAP knockout T-cells showed impaired proliferation and cytokine 
production in response to T-cell receptor stimulation. T-cell receptor stimulation is 
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coupled to an increase in integrin-dependent adhesion. Fyb/SLAP/ADAP knockout 
T-cells are defective in this response, indicating that this protein may couple TCR 
stimulation to integrin activation and increased adhesion. Surprisingly, actin 
polymerization at the T-cell antigen-presenting cell contact site was not defective 
(Griffiths et al. 2001; Peterson et al. 2001). However, Ena/VASP proteins may be 
recruited in Fyb/SLAP/ADAP KO T-cells to the immunological synapse through 
RIAM (Lafuente et al. 2004). Whether RIAM is part of the protein complex down-
stream of the T-cell receptor is currently not known. Interestingly, RIAM overex-
pression in Jurkat T-cells led to increased adhesion and integrin activation. This 
suggests that both RIAM and Fyb/SLAP/ADAP may be required for Ena/VASP 
recruitment to the immunological synapse and for the activation of integrins downstream
of the T-cell receptor.

2.6 Phagosome

Phagocytosis is an essential component of the immune response in which phagocytes
recognise and engulf foreign material. Opsonisation of foreign particles by immu-
noglobulins enables the recognition by Fc-receptors (Allen and Aderem 1996). 
This leads to an activation of Fc-receptors and the recruitment of a complex similar 
to the complex found downstream of the T-cell receptor: Slp-76, Fyb/SLAP/ADAP, 
Ena/VASP, Nck and WASP (Coppolino et al. 2001; Niedergang and Chavrier 
2004). Subsequently, actin polymerisation and engulfment of the particle are 
induced. Importantly, inhibition of the recruitment of Ena/VASP proteins led to an 
impairment in actin polymerisation and phagocytosis of opsonised sheep red blood 
cells (Coppolino et al. 2001).

3 Regulation of Ena/VASP Proteins by Phosphorylation

3.1  PKA- and PKG-Dependent Phosphorylation 
of Ena/VASP Proteins

Ena/VASP proteins show tightly regulated and reversible phosphorylation. VASP 
was initially isolated from human platelets as a 46-kDa membrane-associated protein
that is phosphorylated by PKA and PKG (Halbrugge and Walter 1989; Halbrugge 
et al. 1990). Three phosphorylation sites were identified on VASP: Ser157, Ser239 
and Thr274, all of which can be phosphorylated by either PKA or PKG (Butt et al. 
1994). The phosphorylation of VASP at Ser157 results in the apparent mobility 
shift from 46 to 50 kDa observed on SDS-PAGE. Ser157 is the preferred site of 
phosphorylation for PKA, which phosphorylates VASP at this site with faster 
kinetics than at Ser239 either in vitro or in vivo. Ser239 is the preferred phosphorylation
site for PKG in vitro. Experiments in intact human platelets showed that PKG 



Role of Ena/VASP Proteins in Homeostasis and Disease 47

phosphorylates either Ser157 or Ser239 with similar kinetics, but the level of 
Ser157 phosphorylation is only around 50% of that induced by PKA activation 
(Smolenski et al. 1998). This and further evidence suggested a predominant role of 
PKG in the Ser239 phosphorylation of VASP in platelets and other cells (Ibarra-
Alvarado et al. 2002; Cook and Haynes 2007). On the other hand, opposing evidence
has appeared in the literature (Li et al. 2003), which reports that in human platelets 
cGMP-dependent phosphorylation of VASP at Ser239 is predominantly PKA-
dependent. Thr274 is phosphorylated by both PKA and PKG, but only following 
phosphorylation of VASP on Ser157 and Ser239.

PKA is responsible also for the phosphorylation of other members of the Ena/
VASP family. EVL is phosphorylated on Ser156 (corresponding to VASP Ser157) 
in a PKA-dependent manner both in vitro and in vivo (Lambrechts et al. 2000). 
As for VASP Ser157, the phosphorylation of EVL on Ser156 induces a mobility 
shift in SDS-PAGE. The other two phosphorylation sites of VASP (Ser239 and 
Thr278) are not conserved in EVL, where the corresponding residues are instead 
mutated to glutamine and alanine, respectively. Mena, the other mammalian member 
of the Ena/VASP family, is also phosphorylated in a PKA-dependent manner 
(Gertler et al. 1996). Mena contains two serine-phosphorylation sites corresponding 
to VASP Ser157 and Ser239, but not the Thr-phosphorylation site, and their 
phosphorylation leads to a mobility shift similar to the one observed for VASP 
(Gertler et al. 1996; Lebrand et al. 2004).

3.2  PKA- and PKG-Independent Phosphorylation 
of Ena/VASP Proteins

In addition to PKA and PKG, PKC has also been reported to phosphorylate VASP 
at the Ser157 site. Chitaley et al. (2004) reported PKA- and PKG-independent 
phosphorylation of Ser157, but not Ser239, in cultured rat smooth muscle cells 
from the aorta. PKC appeared to be the kinase responsible for this post-translational 
modification, since phosphorylation was induced by phorbol 12-myristate 13-acetate 
(PMA) and inhibited by specific PKC inhibition. Moreover, Chitaley et al. (2004) 
showed that recombinant PKCα directly phosphorylated VASP at the residue 
Ser157. Wentworth et al. (2006) also showed PKC-dependent Ser157 phosphoryla-
tion of VASP. These authors reported PMA-dependent phosphorylation of VASP 
Ser157 in human platelets and inhibition of it by bisindolylmaleimide I (BIM I), a 
specific PKC inhibitor. Moreover, the activation of platelets by thrombin, a physiological
platelet agonist, induced VASP Ser157 phosphorylation, which was partially PKC 
dependent. Finally, Pula et al. (2006) reported negative regulation of VASP Ser157 
phosphorylation by PKCδ. The molecular mechanism of this regulation of 
VASP phosphorylation is not entirely clear, but it does not involve the control of PKA 
or PKG activity.

Finally, in contrast to the other members of the family, Mena is tyrosine-
phosphorylated (Gertler et al. 1996). Ena, the Drosophila ortholog of Mena, is 
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tyrosine-phosphorylated by Abelson tyrosine kinase (Comer et al. 1998). Subsequently, 
Mena has also been reported to be phosphorylated by c-Abl kinase at the residue 
Tyr296, with Abi-1 (Abl interactor 1) binding to Mena and dramatically enhancing 
its tyrosine phosphorylation by c-Abl (Tani et al. 2003).

3.3  Regulation of Ena/VASP Protein Functions 
by Phosphorylation

The phosphorylation of Ena/VASP proteins has different functional consequences. 
First of all, the regulation of actin filament structure by Ena/VASP proteins is 
regulated by phosphorylation. In vitro phosphorylation of VASP resulted in the down-
regulation of its filament bundling and anti-capping activities (Harbeck et al. 2000; 
Barzik et al. 2005). Profilin enhances VASP anti-capping activity in a dose-dependent 
manner. Phosphorylation also inhibits VASP anti-capping activity in the presence of 
profilin (Barzik et al. 2005). Similarly to VASP, PKA-dependent phosphorylation of 
EVL was shown to impair the ability of this protein to enhance actin polymerisation 
(Lambrechts et al. 2000). Finally, contrasting evidence has been reported regarding 
the regulation of VASP’s ability to bind actin. PKA-dependent phosphorylation of 
VASP on Ser157 was reported to potentiate F-actin binding by Laurent et al. (1999), 
whilst Harbeck et al. (2000) described a reduction of F-actin binding as a conse-
quence of the same post-translational modification. A possible explanation for this 
contradiction lies in the different salt concentrations used for the co-sedimentation 
assays in these two reports. Nonetheless, the acceptance of a negative regulatory role 
for the PKA-dependent phosphorylation of Ena/VASP proteins on their anti-capping 
activity suggests that this post-translational modification should also negatively regulate 
F-actin binding, therefore in agreement with Harbeck et al. (2000).

The PKA-dependent phosphorylation of Ena/VASP family members regulates 
their ability to interact with other proteins. Lambrechts et al. (2000) showed that the 
interaction of EVL with Abl and n-Src SH3 domains is selectively abolished by 
PKA-dependent phosphorylation of this Ena/VASP protein. Other protein–protein 
interactions (e.g. with Lyn SH3 domain, Fe65 WW domain or profilin) were not 
affected by the PKA-dependent phosphorylation of EVL. Moreover, the PKA-
dependent phosphorylation of VASP was shown to inhibit its interaction with Abl 
tyrosine kinase (Howe et al. 2002). On the other hand, the interaction of VASP with 
profilin, vinculin and zyxin is not affected by PKA-dependent phosphorylation 
(Harbeck et al. 2000). Finally, the Tyr-phosphorylation of Drosophila Ena was 
shown to inhibit its interaction with Abelson kinase (Comer et al. 1998).

Importantly, the phosphorylation state of Ena/VASP appears to play an important 
role in the regulation of cell morphology and motility. In neurons, PKA-dependent 
phosphorylation of Ena/VASP proteins, and in particular the phosphorylation of Mena 
Ser236, leads to filopodia production and neurite growth (Lebrand et al. 2004). 
Hyperphosphorylation of VASP Ser157 in human platelets is associated with hyperpro-
duction of filopodia and increased platelet aggregation in response to collagen 
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(Pula et al. 2006). In neutrophils, activation of PKG induced both VASP phosphoryla-
tion and cell spreading (Lawrence and Pryzwansky 2001). On the contrary, in cultured 
fibroblastic cells, there is evidence that the PKA/PKG-dependent phosphorylation of 
Mena negatively regulates fibroblast migration (Loureiro et al. 2002). Finally, in human 
umbilical vein endothelial cells (HUVECs), there is evidence that PKG activation 
induces VASP phosphorylation and reduces cell migration (Smolenski et al. 2000).

4 Pathophysiologic Relevance of Ena/VASP Proteins

In this section, the involvement of Ena/VASP proteins in the aetiology of human 
diseases and the resulting potential of these proteins as therapeutic targets will be 
discussed. Besides their crucial role in the development of the vertebrate nervous 
system (Lanier et al. 1999; Menzies et al. 2004), Ena/VASP proteins are involved 
in the healthy maintenance of the human body throughout life, and the alteration of 
their cellular functions is associated with serious human diseases. The involvement 
of Ena/VASP proteins in platelet-dependent haemostasis is the best-characterised 
physiological role for these proteins. The link between thrombotic diseases and 
Ena/VASP proteins has been described, making the proteins of these families likely 
targets for antithrombotic drugs. This is described in Sect. 4.1. Ena/VASP pro-
teins also appear to play a role in the generation and development of cancer, and 
this is the subject of Sect. 4.2. Finally, a more modest number of publications 
suggest a novel link between the alteration of Ena/VASP protein activity and 
different human diseases, such as arteriosclerosis, cardiomyopathy and nephritis 
(Sects. 4.3, 4.4 and 4.5, respectively).

4.1 Thrombosis

Thrombotic diseases are caused by abnormal development of thrombi (blood clots) 
in the circulatory system, leading to blood vessel occlusion. Whole blood clots, or 
blood clot fragments, can also become detached from the site of formation and 
transported by the bloodstream to other sites (thromboembolism). Depending on 
the site of occlusion, abnormal thrombus formation can lead to life-threatening 
conditions such as pulmonary embolism, heart attack and stroke.

VASP is a key component of the haemostatic apparatus. In contrast, Mena is not 
significantly expressed in platelets, at least in mice (Aszodi et al. 1999; Hauser 
et al. 1999). Evl, despite its expression in murine platelets (Aszodi et al. 1999; 
Hauser et al. 1999), has not been investigated for its direct involvement in haemostasis. 
As a result, this section focuses exclusively on VASP.

The first significant observation of a possible role for VASP in haemostasis was 
the correlation between the PKA- and PKG-dependent phosphorylation of this protein
and the responsivity to thrombin of human platelets. Horstrup et al. (1994) observed 
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that cAMP- and cGMP-elevating agents [prostaglandin E1 and forskolin, and 
3-morpholinosydnonimine hydrochloride (SIN1) and sodium nitroprusside, respec-
tively] induce both phosphorylation of VASP Ser157 and inhibition of the major 
platelet fibrinogen receptor α

IIb
β

3
. Membrane-permeant selective activators of PKA 

or PKG inhibited α
IIb

β
3
 and platelet activity, suggesting that these kinases were the 

effectors of the cyclic nucleotide-dependent regulation. Nonetheless, these authors 
could not prove that the PKA- or PKG-dependent phosphorylation of VASP was 
responsible for this regulatory event. The first evidence of a direct role of VASP in 
platelet regulation was obtained in VASP−/− knockout mice, where both thrombin-
induced fibrinogen binding and P-selectin surface expression (a marker of platelet 
α-granule secretion) were enhanced, compared to wild-type mice (Hauser et al 
1999). The cAMP- and cGMP-dependent phosphorylation of VASP is also respon-
sible for the negative regulation of collagen-induced fibrinogen binding and plate-
let aggregation (Aszodi et al. 1999). Interestingly, other platelet responses to 
collagen, such as intracellular calcium mobilisation and dense granule secretion, 
were not affected by genetic ablation of VASP.

The phosphorylation of VASP could therefore represent a general negative feed-
back regulatory mechanism for the control of platelet aggregation. In fact, different 
platelet agonists, such as thrombin, collagen-related peptide (CRP) and collagen, 
have been reported to induce VASP phosphorylation at Ser157 (Wentworth et al. 
2006; Pula et al. 2006), whilst others, such as von Willebrand factor (VWF), induce 
the phosphorylation of Ser239 (Riba et al. 2006). On the other hand, some platelet 
agonists, such as ADP, epinephrine and thromboxane A

2
, reduce PKG-dependent 

phosphorylation of VASP Ser239 (Schwarz et al. 1999), suggesting that VASP-
mediated regulation of platelet aggregation is complex and largely agonist-specific.

Regarding the molecular mechanism of platelet regulation, it has been suggested 
that VASP regulates fibrinogen binding by modulating the inside-out signalling of 
integrin α

IIb
β

3
, the major fibrinogen receptor in platelets and the driving force of 

aggregation (Shattil et al. 1998; Aszodi et al. 1999). The PKA- and PKG-dependent 
phosphorylation could impair the linkage of α

IIb
β

3
 with the actin cytoskeleton and, 

ultimately, reduce the activation of this fibrinogen receptor. Alternatively, VASP 
could play a role in the PKG-dependent inhibition of Rap 1, an abundant GTP-binding
protein in platelets involved in the regulation of α

IIb
β

3
 (Crittenden et al. 2004). 

The activation of Rap 1 in platelets is negatively regulated by the NO/cGMP/PKG 
pathway, which has VASP as an established substrate (Danielewski et al. 2005). 
A potential link between Rap1 and Ena/VASP is the Rap1 effector and Ena/VASP-
binding protein RIAM. RIAM is expressed in platelets and is required for the Rap1-
dependent activation of integrins (Lafuente et al. 2004; Han et al. 2006).

Besides regulating fibrinogen binding and α-degranulation, VASP also plays a piv-
otal role in the control of actin dynamics and cell shape in human platelets. 
Similarly to what happens in other cell types, during the reorganisation of actin 
cytoskeleton, VASP plays a major role in the anti-capping and bundling of growing 
actin filaments, leading to the formation of filopodia (Mejillano et al. 2004). 
Recently, the hyperphosphorylation of VASP Ser157 in the absence of PKCδ activ-
ity was shown to enhance actin polymerization, filopodia formation and platelet 
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aggregation (Pula et al. 2006). The critical importance of filopodia formation for 
platelet aggregation has previously been reported (Isenberg et al. 1990; Frojmovic 
et al. 1990). Therefore, the investigation of the role of VASP and other scaffolding 
proteins in the regulation of cytoskeletal rearrangements during platelet activation 
is a promising field for the discovery of drugs able to modulate haemostasis and 
treat thrombotic diseases.

Platelet hyperactivation is a feature of cardiovascular diseases, such as heart failure 
(Gibbs et al. 2001; Schafer et al. 2005), acute coronary syndrome (Gurbel et al. 2000; 
Heeschen et al. 2003) and cardiovascular complications of diabetes (Winocour 1992; 
Tschoepe et al. 1993), hypercholesterolemia (Nimpf et al. 1986) and hypertension 
(Schafer et al. 2004). Platelet activation is the essential step in promoting leukocyte adhe-
sion, inflammation and the progression of atherosclerotic lesions (Huo et al. 2003; 
Massberg et al. 2002). Tonic production of NO and prostacyclin (PGI

2
) in endothelial 

cells and their release in the bloodstream negatively regulate the reactivity of platelets 
and prevent thrombosis (Jin et al. 2005; Egbrink et al. 2005). The hypothesis that NO and 
prostacyclin locally released by endothelial cells are involved in the control of vascular 
thromboembolism in vivo has been suggested by studies in different models (FitzGerald 
et al. 1984; Lindberg et al. 1994; Broeders et al. 1998; Massberg et al. 1999; Cheng et 
al. 2002; Azizzadeh et al. 2003). It has been shown that increased bioavailability of 
endothelium-derived NO in the blood stream induced PKG-dependent phosphorylation 
of VASP on Ser157 and Ser239 in endothelial cells (Sporbert et al. 1999; Schafer et al. 
2003) and in platelets (Schafer et al. 2006). On the other hand, co-incubation of endothe-
lial cells and platelets has been shown to induce the PKA-dependent phosphorylation of 
platelet VASP Ser157 as a consequence of release from endothelial cells of different fac-
tors, including prostacyclin, which activates the cAMP/PKA pathway in platelets (Nolte 
et al. 1991b). Direct treatment of platelets with prostacyclin induced VASP phosphoryla-
tion at Ser157 (Nolte et al. 1991a). Taken together, these observations suggested that 
VASP could be the effector of the regulation of platelet activity by endothelium-derived 
NO and prostacyclin. This hypothesis was confirmed in an elegant study from Massberg 
et al. (2004), where the genetic ablation of VASP resulted in the enhancement of platelet 
adhesion to the endothelium of blood vessels under both physiological and pathophysio-
logical conditions. P-selectin and integrin α

IIb
β

3
 are critical mediators of the platelet/

endothelium adhesion, and their modulation by VASP is the key event that regulates this 
cellular interaction. Since the interaction of platelets and endothelial cells is the first step 
towards thrombus formation in both healthy and thrombotic conditions, VASP is a prom-
ising target for the development of both haemostatic and antithrombotic drugs.

In this respect, it is noteworthy that Clopidogrel, an antiplatelet therapy for the 
prevention of adverse consequences during coronary intervention, is a P2Y

12
 antago-

nist that inhibits the Gi protein-dependent signalling, potentiates the cAMP/PKA 
pathway and ultimately enhances VASP Ser239 phosphorylation in platelets (Schwarz 
et al. 1999). Cilostazol, a cyclic nucleotide phosphodiesterase (PDE) inhibitor used 
for the treatment of chronic peripheral arterial occlusion and stroke, also enhances the 
phosphorylation of VASP at both Ser157 and Ser239 (Sudo et al. 2003). Finally, 
dipyridamole, another PDE inhibitor that in combination with aspirin is very effective 
in preventing recurrent stroke, amplifies the NO/cGMP-dependent phosphorylation 
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of VASP (Aktas et al. 2003). In summary, significant evidence has accumulated in the 
literature about the importance of VASP and its PKA- and PKG-dependent regulation 
in the pathophysiology of thrombotic disorders. Pharmacological agents able to 
modulate VASP expression, localisation or post-translational modification can be 
expected to affect the responsivity of platelets and to alter the haemostasis/thrombosis 
equilibrium in vivo. In particular, pharmacological agents able to enhance the activity 
of VASP in platelets are potentially very interesting as anti-thrombotic tools.

4.2 Cancer

Cancer is a group of diseases characterised by abnormal and uncontrolled cell 
proliferation and, in some cases, metastasis. Metastasis is the spreading of cancer 
to different organs, and it is the consequence of detachment of cancerous cells from 
the primary tumour, intravasation, dissemination via blood and/or lymphatic vessels 
and invasion of new organs. Alteration of cell adhesion, loss of contact inhibition 
and consequent proliferation, and aberrant cell migration characterises the aggressive 
phenotype of cancer malignancies.

The actin cytoskeleton plays a fundamental role in the cellular properties of 
oncogenic cells (Pawlak and Helfman 2001; Rao and Li 2004; Hayot et al. 2006). 
Consequently, proteins functionally linked to the actin cytoskeleton are likely to 
play a role in the increased invasiveness of cancer cells. The expression levels of 
different actin-binding proteins, such as Arp2/3 complex subunits, cofilin, gelsolin, 
profilin, thymosin, WASP and WAVE, are altered in cancer cells (for a review, see 
Lambrechts et al. 2004). In a recent comprehensive study, the analysis of protein 
expression in highly invasive carcinoma cells showed overexpression of motility-
related genes, and in particular of proteins linked to the actin cytoskeleton, such as 
capping proteins α1 and α2, Arp2/3 complex subunits p16 and p21, zyxin, vinculin, 
cofilin and, most importantly, Mena (Wang et al. 2004).

On the other hand, the down-regulation of VASP by a random homozygous knock-
out strategy has been shown to result in loss of contact inhibition in NIH 3T3 fibrob-
lasts, resulting in continued cell division and potential tumorigenesis (Liu et al. 1999). 
Interestingly, also the overexpression of VASP-induced neoplastic transformation of 
NIH 3T3 cells, suggesting that normal cell growth may require VASP expression 
within a narrow range (Liu et al. 1999). The tumorigenic transformation of epithelial 
cells by constitutively active rac1 is accompanied by up-regulation of VASP, whilst 
the reversion of the tumorigenic phenotype by dominant negative rac1 resulted in the 
downregulation of VASP (Quinlan 2004). In agreement with this observation, VASP 
has been reported significantly overexpressed in cancerous lung adrenocarcinoma 
cells, compared to normal lung cells (Dertsiz et al. 2005). Besides the level of expression, 
the phosphorylation of VASP appears to be also impaired in some malignancies. For 
example, Eigenthaler et al. (1993) reported decreased expression of PKG in platelets 
from patients with chronic myelocytic leukaemia (CML). One of the consequences 
of this was the severe impairment of VASP phosphorylation.
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Other members of the Ena/VASP family have been suggested to play a role in the 
establishment of the cancerous cell phenotype. Mena is overexpressed in the majority 
of breast cancer cell lines and tissue samples (Di Modugno et al. 2004). Furthermore, 
anti-Mena antibodies have been observed in the serum of some breast cancer patients, 
but not in healthy controls, suggesting that a specific antitumour immune response 
was directed against Mena-expressing cancerous cells (Di Modugno et al. 2004). In 
contrast, a gene sharing 80% homology with Mena has been shown to be down-
regulated in nickel-transformed embryonic lung cells and small-cell lung cancer 
SBC-2 cells (Mao et al. 2000). Finally, as a confirmation of the importance of Ena/
VASP-mediated actin regulation in tumorigenic cell transformation, the expression of 
lamellipodin, a molecular interactor of Ena/VASP, is significantly down-regulated 
in breast and ovarian cancer samples compared to normal tissues (Dahl et al. 2005) 
and in osteosarcoma metastatic cells compared to primary osteosarcoma tumour cells 
(Eppert et al. 2005). Taken together, different lines of evidence link Ena/VASP 
proteins to cancerous transformation of cells and metastasis. At the moment, the exact 
relevance of these observations and the molecular mechanism underlying the potential 
role of Ena/VASP in cell transformation and tumour formation is not clear. 
Nonetheless, considering the potential of actin cytoskeleton regulation in the estab-
lishment of altered cell motility and cell division behaviours, the involvement of Ena/
VASP protein in tumour formation seems a promising subject towards both under-
standing of cancer biology and drug discovery.

Another important aspect of cancer biology is the formation of new blood vessels 
(angiogenesis) during tumour progression. Angiogenesis is essential for the progres-
sive growth and expansion of solid tumours. Without sufficient vascularisation, solid 
tumours beyond the size of 1–2 mm face necrosis and/or apoptosis. The inhibition of 
angiogenesis has been shown to significantly reduce tumour progression, and antian-
giogenic therapy is an effective anticancer strategy (Parangi et al. 1996). In this light, 
the role that VASP plays in the regulation of endothelial cell proliferation and vas-
culogenesis is very interesting. In vitro experiments with HUVECs suspended in 
three-dimensional collagen matrices revealed that VASP, together with gelsolin and 
profilin, two actin regulatory proteins, is significantly up-regulated during capillary 
morphogenesis (Salazar et al. 1999). The expression of VASP in vasculogenic sites 
of human placenta is spatially and temporally regulated during pregnancy, suggesting 
a role for this protein in placental vasculogenesis. Vascular endothelial growth factor 
(VEGF) and interleukin-8 (IL-8) seem responsible for the up-regulation of VASP, 
since areas of strong VEGF and IL-8 expression correspond to areas of high VASP 
expression in placental samples, and, in vitro, these two growth factors show a stimulatory 
effect on VASP expression in placental explants (Kayisli et al. 2002). At the cellular 
level, VASP was shown to induce stress-fibre and membrane ruffle formation in aortic 
endothelium (Price and Brindle 2000). This suggests that VASP might positively reg-
ulate capillary formation via effects on endothelial motility and contractility. Finally, 
besides its regulatory effect on endothelial cells, VASP also regulates vascular 
smooth muscle cell proliferation (Chen et al. 2004). These authors showed that VASP 
overexpression in aortic smooth muscle cells deriving from VASP-deficient mice 
significantly increased proliferation (Chen et al. 2004). By the use of phospho-null 
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mutants, the same authors also suggest that phosphorylation of Ser157 has growth-
stimulatory effects, whilst phosphorylation of Ser239 is critical for the NO-dependent 
inhibition of vascular smooth muscle cell proliferation. In summary, it seems plausi-
ble to hypothesise that VASP plays a significant role in vasculogenesis and, in this 
context, in the regulation of solid tumour vascularisation. Therefore, in addition to their 
potential as cell transformation determinants, Ena/VASP proteins could become a 
therapeutic target for the anti-angiogenic treatment of solid malignancies.

4.3 Arteriosclerosis

The expression of VASP in endothelial cells and its role in endothelial proliferation 
have already been discussed in this chapter. Nevertheless, it seems important to under-
score the possible role of VASP in the regulation of neointimal cell proliferation, which 
is regarded as a major factor in the development of arteriosclerotic diseases, such as 
spontaneous atherosclerosis, post-angioplasty restenosis and vein graft atherosclerosis. 
The tunica intima is the innermost endothelial layer of blood vessels, and neointimal 
cells are those endothelial cells that migrate and proliferate at injury sites in order to 
replenish the intimal layer. Abnormal neointimal proliferation is a key step towards the 
formation of the neointimal plaque: a pathological mass of endothelial and smooth 
muscle cells, macrophages, lymphocytes and lipid that causes the blood vessel restric-
tion at the basis of arteriosclerosis. VASP has been shown to be overexpressed in the 
neointimal cell layer, resulting from the surgical endothelial denudation of rat carotid 
arteries (Monks et al. 1998). Moreover, a reduction of PKG expression and PKG-
dependent phosphorylation of VASP has been reported in neointimal cells of athero-
sclerotic rabbit aortas (Melichar et al. 2004). Interestingly, overexpression of 
constitutively active PKG and the consequent hyperphosphorylation of VASP in rat 
aorta resulted in the reduction of neointimal proliferation following artery denudation 
(Sinnaeve et al. 2002). Taken together, the above studies suggest a rationale for the 
involvement of VASP in the endothelium-driven development of arteriosclerotic dis-
eases. The modulation of VASP expression or phosphorylation in proliferating endothe-
lial cells could therefore be regarded as an opportunity for therapeutic intervention, not 
only against neoplastic angiogenesis, but also against arteriosclerosis. Notably, the 
anti-platelet drug clopidogrel, already described in this report as an enhancer of VASP 
phosphorylation, has also been shown to improve endothelial function and flow-
mediated artery dilation in coronary disease patients (Warnholtz et al. 2007). This 
effect of clopidogrel on artery function could be mediated by regulation of VASP and 
its function as modulator of neointimal proliferation.

4.4 Cardiomyopathy

Besides platelets, vascular smooth muscle and endothelial cells, VASP is expressed 
in the human heart (Markert et al. 1996). Both VASP and Mena are expressed in 
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mouse heart, where they are associated with intercalated discs of cardiomyocytes 
(Gambaryan et al. 2001). Intercalated discs are complex membrane structures separating
adjacent cardiomyocytes. Their intracellular side is characterised by a highly organised
cytoskeleton rich in N-cadherin, catenins, vinculin and connexins. The displacement 
of VASP and Mena from cardiac intercalated discs via heart-targeted expression of 
EVH1 domain in transgenic mice resulted in the disorganisation of intercalated 
discs (Eigenthaler et al. 2003). The severe consequences of this histological abnormality
were myocyte hypertrophy, cardiac dilatation and bradycardia, which led to early 
postnatal mortality. Mena and VASP were also shown to co-localise in vivo and 
interact in vitro with Xin, the protein encoded by the human gene ‘cardiomyopathy-
associated 1’ or CMYA1 (van der Ven et al. 2006), and migfilin, a protein that 
serves the dual function of structural cytoskeletal organiser and transcriptional 
regulator in cardiomyocytes (Wu 2005). In summary, the scaffolding activity of 
Ena/VASP proteins seems to be crucial for the correct organisation of the cytoskeleton
underlying regions of physical and functional contact between cardiomyocytes. 
Their important role in the establishment and maintenance of the structural integrity 
of cardiomyocytes and myocardium makes Ena/VASP proteins interesting candidates
for cardiac diseases, in particular congenital cardiomyopathies associated with 
developmental defects and hypertrophy.

4.5 Nephritis

Another organ displaying abundant VASP and Mena expression is the kidney. The 
expression of both proteins in glomeruli and tubulointerstitium of healthy mice has been 
described (Gambaryan et al. 2001). Recently, the response of VASP−/− knockout mice 
to the experimental induction of passive nephrotoxic nephritis was studied, and the abla-
tion of VASP was associated with increased resistance to the disease (Hohenstein et al. 
2005). Nephritis is an inflammatory disease that leads to acute damage of glomerular 
cells and, at later stages, to glomerulosclerosis, tubulointerstitial fibrosis, progressive 
loss of glomerular and tubulointerstitial capillaries, and loss of renal function. 
Interestingly, the expression of VASP is increased in glomeruli and tubulointerstitium 
as a consequence of nephrotoxic nephritis. The histological analysis of VASP−/− mice 
revealed that in these animals, the inflammatory tissue injury was enhanced at early 
disease stages, but significantly reduced at later disease stages, compared to control wild 
type animals. In view of the role of platelets in kidney inflammatory diseases (Johnson 
1991) and the potentiation of platelet activity in VASP knockouts (see Sect. 4.1), 
enhanced platelet binding and activation at the sites of injury are likely to explain the 
adverse effect of VASP ablation at early disease stages. Improved endothelial preserva-
tion and proliferation, and the resulting improved renal vascularisation, are proposed to 
be the reason for the protection against the progression of the disease in VASP−/− ani-
mals. However, two aspects of this work remain unexplained. First, it is difficult to 
understand how protection against tissue injury does not correspond to protection 
against the deterioration of renal function. Second, the authors propose a negative 
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regulatory role of vasculogenesis and capillary preservation, whilst amounting evidence 
suggests that VASP should play a positive regulatory role in these processes.

5 Ena/VASP Proteins and Drug Discovery

Because of their role in the aetiology of different human diseases, Ena/VASP 
proteins represent interesting drug targets, whose potential has not been fully 
explored. Only relatively recently have there been efforts towards the develop-
ment of inhibitors of Ena/VASP activity. In particular, the Ena/VASP EVH1 
domains and their ability to establish interactions with proteins containing the 
FP4 consensus motif have been targeted. The natural protein with the highest 
affinity for EVH1 domains is the ActA protein of Listeria monocytogenes.
Peptides bearing the FP4 motif of ActA have long been shown to bind to the 
EVH1 domain and compete with its ligands (Niebuhr et al. 1997; Prehoda et al. 
1999). The modification of the ActA domain led to the synthesis of a miniature 
protein (pGolemi) able to bind Mena EVH1 domain with an affinity ten-fold 
higher than ActA (Golemi-Kotra et al. 2004). The opposite strategy seems also 
possible, which is displacing the interaction of Ena/VASP proteins and their lig-
ands with peptides mimicking small regions of the EVH1 domain. Using this 
approach, a series of peptides inhibiting the protein–protein interaction of Mena 
EVH1 and its ligands were identified (Hunke et al. 2006). Unfortunately, peptide 
drugs have been proven to have limited potential as therapeutic tools because of 
their poor bioavailability, short half-life (due to susceptibility to proteolysis and 
potential immunogenicity) and poor pharmacokinetics. In the case of Ena/VASP 
proteins, a promising way to get around the limitations of peptide drugs may be 
through the use of peptoids and peptomers. Peptoids are non-peptide agents 
designed to simulate a peptide structure, and the typical structure of peptoids is 
that of poly-N-substituted glycines. Peptomers are peptide–peptoid hybrid poly-
mers. Zimmermann and colleagues (2003) described the synthesis of a peptomer 
by incorporation of peptoid building blocks into the peptide SFEFPPPPTEDEL 
from Listerial ActA. This peptomer maintained the ability to bind to VASP 
EVH1 in the micromolar range, and it represents a promising drug candidate in 
the generation of novel non-peptide therapeutics able to impair EVH1-mediated 
protein–protein interactions. The advantages of peptoids over peptides include 
improved chemical versatility and variability in the drug-design phase 
(Kirshenbaum et al. 1998), besides increased resistance to proteolysis and better 
metabolic stability, absorption and disposition (Wang et al. 1999). Another inter-
esting feature of peptoid drugs is their potential specificity. In fact, the design of 
peptoids closely mimicking the binding domain of a particular interacting protein 
could enable the modulation of Ena/VASP activity in a tissue-, cell type- and sub-
cellular structure-specific manner. Therefore, via attenuation of specific protein–protein 
interactions, and regulation of subcellular targeting of Ena/VASP proteins, pep-
toid drugs could achieve fine tuning of actin cytoskeleton-dependent processes.
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In summary, Ena/VASP proteins, because of their role as actin cytoskeleton regulators 
and their growing relevance in important human diseases, are promising targets for 
biomedical research. Despite initial efforts, the absence of therapeutic tools able to target 
Ena/VASP proteins makes these proteins a fully exploitable field for drug discovery.
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Abstract There is increasing awareness that processes, such as development, 
aging and cancer, are governed, to a considerable extent, by epigenetic processes, 
such as DNA and histone modifications. The sites of these modifications in turn 
reflect their position and role in the nuclear architecture. Since epigenetic changes 
are easier to reverse than mutations, drugs that remove or add the chemical tags are 
at the forefront of research for the treatment of cancerous and inflammatory diseases.
This review will use selected examples to develop a unified view that might assist 
the systematic development of novel therapeutic regimens.
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1 Introduction

Despite the rapid progress in sequencing eukaryotic genomes, our current abili-
ties to interpret sequence information are still limited. Progress is expected from 
knowledge about the functional links between nuclear architecture and gene 
expression patterns on one hand and the establishment and maintenance of 
expression patterns during development on the other. Along these lines, the prin-
ciples are explored that account for the compartmentalization of replication and 
transcription machineries within the nuclear compartments. These compartments 
assemble factors to an extent enabling protein–protein and protein-DNA interac-
tions, and they serve the integration of regulatory signals into specific signal 
transduction pathways.

During recent years, epigenetic, chromatin-activating principles have entered 
the stage (review: Hake et al. 2004) together with the elements that delimit dif-
ferentially regulated domains, so-called genomic insulators and/or boundary ele-
ments (Goetze et al. 2005). New evidence has emerged to help understand the 
role of chromosome territories (CTs), i.e. the structural equivalent of metaphase 
chromosomes at interphase, together with the interchromatin domain compart-
ment (ICD), originally interpreted as a chromatin-free channel system in between 
the CTs. Ultimately, such a simplistic model was not consistent with the high 
frequency of complex chromosomal aberrations, which indicated the presence of 
inter-chromosome contacts within this space (Bode et al. 2000a; Branco and 
Pombo 2006).

When Kanda et al. (1998) stained the entire chromatin compartment in living 
cells, using histone H2b-GFP fusions they could localize putative factor storage 
sites, such as speckles, Cajal bodies and PML bodies, to extended portions of the 
interchromatin space, and they demonstrated that chromatin loops can in fact 
expand into this compartment. This led to the view that active genes interact 
with the transcriptional machinery only if they are positioned at the surface of 
CTs or on its looped extensions. Transcriptionally “potentiated” (otherwise 
called “poised”) genes such as the quiescent, but inducible type-I interferon 
genes were found in a related position (Winkelmann, 2007). Quiescent genes on 
the other hand were thought to reside within the CTs. This model had to be 
refined once more when transcription and splicing could not only be observed at 
the periphery, but also appeared to extend into the territories. This was later 
ascribed to a highly folded CT structure that still permits access to certain genes 
that line this interior ICD-channel system (Albiez et al. 2006, Branco and 
Pombo 2006).

The question if a polymer meshwork, a so-called “nuclear matrix” or “nuclear 
scaffold”, is an essential component of the in vivo nuclear architecture is still a 
matter of debate (Martelli et al. 2002). While there are arguments that the relative 
position of CTs may be maintained due to steric hindrance or electrostatic repulsion 
forces between the apparently highly structured CT surfaces, such an idea has to be 
reconciled with the following pilot observations:
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● When Maniotis and colleagues (1997) “harpooned” nuclei, they could pull out all of 
the nucleoplasm on a string in interphase and all the chromosomes on a string in met-
aphase. Depending on the presence of Mg++, they observed unwinding and rewinding 
of these structures. This effect was lost upon mild DNAse treatment, indicating that the 
structure of DNA and its associated scaffolds are responsible for this phenomenon;

● Ma et al. (1999) treated cells in situ with the classic extraction procedures that 
are otherwise used to isolate the nuclear matrix. Chromosome-painting tech-
niques clearly demonstrated that territories remained intact up to the point where 
a minor subset of acidic nuclear matrix proteins was released – potentially those 
proteins that governed their association with a nuclear skeleton.

The existence of a nuclear skeleton was first proposed about 60 years ago (Zbarsky 
and Debov 1948), and methods for the preparation of such an entity have been 
developed and refined ever since (reviewed by Martelli et al. 1996). We will main-
tain the idea that a nuclear skeleton acts as a dynamic support for many specialized 
reactions as the most suggestive model to guide the reader through this review. This 
concept will rationalize current efforts that are dedicated to inhibitors affecting the 
interaction of distinct transcription factors with the protein components of such a 
matrix and its associated DNA elements.

After a brief overview of the architectural principles of eukaryotic genomes, our 
discussion will deal with the properties of certain DNA regions that can serve as scaf-
fold/matrix attachment regions (S/MARs), which are DNA elements with a well-
established spectrum of biological activities. In this context, we will address the 
dynamic properties of prominent constitutive and facultative fibre-forming protein 
scaffold constituents and continue with factors that associate with the relevant protein 
or DNA interaction partners. Regarding the first class, we emphasize the lamins and 
hnRNPs and their functional interactions. For the second class, we will focus our 
attention on those examples that hold promise to either assist diagnosis or to lead to 
administrable pharmaceuticals. Here the ubiquitous poly(ADP-ribosyl) polymerase 
(PARP-1) and the cell-specific factor SATB1 will serve as the cores within networks 
of multiple interacting factors with a relation to the scaffold, to S/MARs or to both. 
It is anticipated that these paradigms will strengthen work at the verge of in vivo and 
in vitro studies all the more as these projects can now be guided and coordinated by 
up-to-date system biology approaches (examples are the inserts in Figs. 1 and 2).

1.1  Relevance of Non-Coding DNA: “Junk-DNA” 
and Gene Deserts

The idea that the amount of DNA per chromosome set might be constant for all 
cells within individuals appeared more than a century ago. In 1948, Vendrely and 
Vendrely could confirm this assumption, and they defined the “C-value,” the nuclear
DNA content per cell, in all the individuals within a given species. These observa-
tions provided the first clue that DNA rather than protein is the heritable material. 
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Soon it was found, however, that genome sizes vary enormously among eukaryotes 
and that size bears no relationship to the presumed number of genes (the so-called 
“C-value paradox”; Thomas 1971): while one copy of a human’s genome contains 
about 3.5 pg of DNA packaged into 23 chromosomes, the 5.8-pg equivalent of an 
aardvark genome is contained in only ten chromosomes and the 140 pg in the genome 
of some salamanders in only 12 chromosomes. Triggered by the question whether 
eukaryotes evolved large genomes simply because they can tolerate useless DNA 
or because they need them for organization or function, the view that transcriptional 
regulation operates at the level of individual genes had to be continuously extended. 
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Fig. 1 S/MARs in the framework of the CT-ICD model. The eukaryotic genome is organized into 
chromatin domains, each of which is delimited by an extended “constitutive” S/MAR, i.e. an 
element that is permanently attached to components of the nuclear matrix; the matrix itself fills 
major parts of the ICD compartment. The assembly of activating/remodeling factors at short 
domain-internal scaffold/matrix attachment regions accompanies gene activation. Thereby these 
“facultative” S/MARs mediate the factor-induced (reversible) association with the matrix. SIDD 
profiles can efficiently assist the classification of these elements (reviewed by Winkelmann et al. 
2006): while a constitutive S/MAR consists of a series of evenly spaced “unpairing elements” 
(UEs; minima in the SIDD profile), which together form a “base-unpairing region” (BUR), the 
“facultative” class mostly consists of 200–300-bp-long strongly destabilized individual UEs that 
are separated by >500 bp (see text and Bode et al. 2006). The insert exemplifies the latter situation:
for the human interferon-β gene domain, all UEs (i.e. the four pronounced minima) coincide with 
DNAse I hypersensitive sites and do have regulatory potential. Two of these elements associate, 
each with a molecule of YY1/YY2 (small elliptic bodies), which in turn recruit a histone-
acetyltransferase molecule (extended ellipse) to support activation of the inducible promoter (Klar 
and Bode 2005). The outline of this figure follows discussions with Thomas Werner (Genomatix 
Munich) and comprises the concepts by Bode and colleagues (2003a,b)
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To account for these developments, we tend not to talk about “genes” anymore, but 
prefer the terms “chromatin domains” or, more generally, “transcriptional units” for 
any autonomous regulatory entity in the genome.

For decades, geneticists have focused on just those 2% of mammalian DNA that 
contain blueprints for proteins, while the remainder was sometimes dismissed as 
“junk”. Actual scans of the mouse genome led to estimates according to which 
there are between 70,000 and 100,000 transcriptional units, half of which are non-
coding. The discovery of these “hidden genes”, which work through RNA rather than 
protein, has initiated a re-thinking, the more so as active forms of RNA are now 
known to provide an additional level of regulation. Nowadays, long genomic regions 
without any obvious biological function are referred to as “gene deserts” (Venter et 
al. 2001). Again, for some of these deserts regulatory sequences could be localized 
that exert control functions over large distances (Nobrega et al. 2003). Many of these
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Fig. 2 Functional states of PARP-1. Inactive forms have been drawn in black, and increasing 
activity is indicated in grey or light-grey colours, respectively. The insert (SIDD profile, a analyses
the PARP promoter for the presence of S/MAR-like elements, mediating the gene’s autoregulation 
(Soldatenkov, 2002). Under certain circumstances, PARP association with an S/MAR may induce 
activity and enable PARP to transactivate certain genes due to a variety of domain-opening func-
tions (Lonskaya et al. 2006); the figure (b) comprises both constitutive elements and a facultative 
S/MAR element as defined in Fig. 1. PARP-1 has also been shown to be a component of the mul-
tiprotein DNA replication complex (MRC); it poly(ADP-ribosyl)ates 15 of the ∼40 MRC proteins, 
including DNA pol α, topo I and PCNA. Note the DNAse I hypersensitive site (HS), which is a 
frequent concomitant of constitutive domain borders (Sect. 3)
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units have particular evolutionary histories and sequence signatures that make them 
distinct from the rest of the genome. Other gene-sparse regions, however, may in 
fact be nonessential to genome function, since they could be deleted without sig-
nificant phenotypic effects (Nobrega et al. 2004). Information of this kind will be 
essential for researchers looking for mutations causing disease, because it high-
lights large areas of the genome that are unlikely to be involved in such a process.

In the context of such a classification, it appears rewarding to consider the 
genomic distribution of retroelements. Retroelements are involved in shaping the 
genome and have guided its evolution, extension and organization. Besides endog-
enous retroviruses, there are populations of truncated retroelements, such as the 
long, interspersed nuclear elements (LINEs), which constitute about 5% of the total 
human genome and may encode a functional reverse transcriptase. The short, inter-
spersed nuclear elements (SINEs) represent an even larger proportion, but have 
many deletions. SINEs can modulate gene expression by movement, amplification 
and re-insertion into genes and regulatory sequences, but to do so they have to 
depend on reverse transcriptase from other sources. The human prototype SINE, 
the Alu repeat, is roughly 300 nucleotides in length. An RNA polymerase III start 
site is located within some repeats that can direct transcription in response to viral 
infections or the exposure to carcinogens. This expression may facilitate recombi-
nation with other Alus or their flanking regions, and this may be one reason for the 
fact that Alu sequences are frequent concomitants of chromosomal breakpoints. 
While LINEs tend to be found in AT-rich DNA, characteristic of intergenic regions, 
SINEs, and Alus in particular, are more often located in GC-rich regions, where 
genes tend to reside. This location does not seem to be a function of insertion site 
preference, but rather appears to be due to differential retention principles. In this 
respect, it is of note that SINEs participate in the transcriptional regulation of cer-
tain genes, suggesting a continuous selection against their random accumulation.

During evolution, retrotransposons have steadily screened mammalian genomes 
for the most attractive integration sites. For a deeper understanding, we have to 
consider the nature of these preferred sites. Our studies have clearly demonstrated 
that, without an exception, all provirus integration sites are associated with a S/MAR 
(Goetze et al. 2003b; Johnson and Levy 2005 and references therein). The integra-
tion of retrotransposons may obey the same rules that govern retroviral integration, and 
therefore the location of these elements may simply represent a marker for the pres-
ence of S/MARs. How then are S/MARs distributed over the genome? A study
by Glazko et al. (2003) has localized numerous homologous intergenic tracts (HITs) 
of largely unknown function in orthologous human-mouse genomic regions. Fifty 
percent of the hits could be correlated with predicted S/MARs, which suggests 
that these conserved elements have probably retained their function during the 80–
100 million years since the radiation from their common ancestor. The other half of 
predicted S/MARs turned out to be non-conserved. This group is hence likely to be 
species-specific and might mediate unique functions. Interestingly, an excess
of orthologous S/MARs was observed in spacers between divergently transcribed 
genes, while there were no conserved S/MARs located between convergent genes. 
This distribution suggests that the conserved elements are primarily involved in the 
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regulation (augmentation) of transcription initiation, which would be in accord with 
a study from this laboratory (Schuebeler et al.1996).

2  Scaffold/Matrix Attachment Regions (S/MARs): 
DNA at the Scaffold

Obviously, S/MARs map to non-random locations in the genome. They occur at the 
flanks of transcribed regions, in 5¢-introns and telomeres, and also at gene break-
point cluster regions (review: Bode et al. 1995). S/MARs are association points for 
common nuclear structural proteins (review: Bode et al. 2000b and below) and 
proved to be required for authentic and efficient chromosomal replication and tran-
scription, for recombination and chromosome condensation. These are the levels of 
their firmly established biological activities:

● Transcriptional level
❍ S/MARs augment gene expression by increasing transcription initiation rates; 

they are not active in transient expression systems as they require incorporation 
into authentic (replicated) chromatin structures (review: Bode et al. 1995).

❍ They provide long-term stability as they contribute to the assembly of the 
histone acetylation apparatus (review: Bode et al. 2003).

● Transcriptional competence
❍ S/MARs either cooperate with genomic insulators or they function as insulators

themselves (Antes et al. 2001; Goetze et al. 2005).
❍ They enable the topological separation of independently regulated transcrip-

tion units (Bode et al. 1992; review: Bode et al.1996).

● Origin-of-replication (ORI) support
❍ Eukaryotic ORIs are consistently associated with S/MAR elements (review: 

Bode et al. 2001) where these provide ARS-like functions not only in yeast 
(AK and Benham 2005), but also in mammalia (Nehlsen et al. 2006).

● Recombination hotspots
❍ S/MAR-associated DNA structures are involved in the generation of breakpoint-

cluster regions (BCRs; review Bode et al. 2000a). They also guide the 
integration of retroviral genomes (Mielke et al. 1996).

There are more recent indications for an additional role in interphase chromatid 
cohesion and/or separation (Mesner et al. 2003). S/MARs do not have an obvious 
consensus sequence. Although prototype elements consist of AT-rich regions several 
hundred base pairs in length, the overall base composition is definitely not the 
primary determinant of their activity. Instead, binding and (biological) activity 
appears to require a pattern of “AT patches” that confer the propensity for local strand 
unpairing under torsional strain (Bode et al. 2006). Both chemical and enzymatic 
probes have originally been applied to show that this strand separation potential is 
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utilized in the living cell for anchoring a chromatin domain to the matrix and that 
DNA accessibility is modulated at times of transcriptional activity (review: Bode 
1995). Subsequent bioinformatic approaches support the idea that, by these proper-
ties, S/MARs not only topologically separate each domain from its neighbours (Bode 
et al. 1992), but also provide platforms for the assembly of factors supporting tran-
scriptional events within a given domain (Bode et al. 2003b).

The strand separation potential of a S/MAR is commonly displayed in the form 
of a stress-induced duplex destabilization (SIDD) profile, which predicts the free 
energy G(x) needed to effect separation of the base pair at each position x along the 
DNA sequence, at a certain level of torsional tension (review: Winkelmann et al. 
2006). The energy stored in a base-unpaired region (BUR) can serve the formation 
of nearby cruciforms or slippage structures. These alternate structures, as well as 
single-stranded bubbles, are recognizable features for DNAses, topoisomerases, 
poly(ADP-ribosyl) polymerases and related enzymes (see below).

Originally, matrix-attachment elements (MARs) were characterized by their 
specific (re-)association with the nuclear matrix (i.e. the remnants of a salt-extraction
protocol), whereas scaffold-attachment elements (SARs) were mostly character-
ized by their (re-)association with nuclear scaffolds [i.e. the remnants of a lithium 
3,5-diiodosalycilate (LIS, a mild detergent) extraction procedure in the presence of 
a vast excess of bacterial competitor DNA; Kay and Bode 1995]. The observation 
that the elements recovered by the reassociation methods are identical or closely 
related has led to the consensus-term “S/MAR”. Moreover, the outcome of the LIS 
procedure does not depend on the source of the nuclear scaffolds, as there is cross-
competition between S/MARs from plants and mammals (Mielke et al. 1990), and 
it can be simulated by computer-assisted routines.

The binding of various forms of DNA to the nuclear scaffold has been exten-
sively characterized (Kay and Bode 1994). As a whole, the scaffold has a strong 
tendency to bind single-stranded (ss) as well as supercoiled (sc) DNA. Recognition 
of scDNA has been ascribed to topoisomerases, since LIS-extracted scaffolds retain 
a pronounced nicking-closing activity. This activity appears to occur at a distinct 
subset of sites, as externally added S/MAR sequences and ssDNA do not interfere 
with the process. In contrast, there is a competition between ssDNA binding and 
prototype S/MAR binding on some scaffold-associated proteins, but not on others 
(Kay and Bode 1994; Mielke et al. 1996). In retrospect, competition patterns have 
proven valuable as they can be applied to reveal specific binding modes. This criterion,
for example, has served to identify a novel class of S/MARs in an extended non-
coding region where we detected a striking periodicity of narrow SIDD minima, which
obey a periodicity of roughly 2,500 bp (Goetze et al. 2003a). A functional comparison
revealed that these elements, in contrast to prototype S/MARs, have transcriptional 
augmentation, but no insulation activity, hinting at the existence of distinguishable 
classes of S/MARs (Goetze et al. 2005). While the uniform register of these elements
might indicate an involvement in upper levels of chromatin organization, it is also 
possible that these signals serve regulatory functions, for instance in the expression 
of transcripts of unknown function (TUFs) that are present across large sections of 
the human genome.
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S/MARs have been classified as either being constitutive (demarcating permanent
domain boundaries in all cell types) or facultative (cell type- and activity-related) 
depending on their dynamic properties (details in Fig. 1 and Sect. 3.2). In the first 
case, the elements are marked by a constitutive DNAse I hypersensitive site in all 
tissues (Bode et al. 1995), which typically coincides with the preferred cleavage 
sites for endogenous topoisomerase II (topo II) in living cells (Iarovaia et al.1995). 
In the second case, hypersensitivity is correlated with either the potentiated state or 
active transcription (Heng et al. 2004). S/MARs partition the genome into 50–200-kb 
regions demarcating chromosomal (sub-)domains and/or replicons, and the number
of elements that attach the ends of a (sub-)loop to the scaffold approximates 64,000 
(see Fig. 1). There are likely an additional 10,000 S/MARs supporting replication 
foci. Apart from the technique used to derive such a conclusion, the time of observation
and the cell type will also determine what subset of the total number of the estimated
74,000 S/MARs is detected (Linnemann et al. 2007). In 2006 still only a minor 
fraction of S/MARs (i.e. 559 for all eukaryotes) had met the standard criteria for an 
annotation in the S/MARt database (Liebich et al. 2000; http://sS/MARtdb.bioinf.
med.uni-goettingen.de/).

Figure 1 summarizes the criteria by which the nuclear matrix/scaffold can be 
functionally integrated into the CT/ICD architecture.

2.1 S/MAR Aberrations and Disease

Changes in nuclear matrix attachment by either the loss of association or by binding 
to a previously cryptic site have been implicated in the onset of several genetic 
diseases and disorders. In case of male infertility, the loss of a S/MAR was found to 
arrest expression (Kramer et al. 1997). On the other hand, interactions between 
originally “domesticated” elements may trigger genomic instability such as for various 
forms of cancer where sites of chromosomal fragmentation localize to S/MARs 
(review: Bode et al. 2000). Although some of the mechanisms remain unknown, 
S/MARs continue to reveal a multitude of varied roles in pathogenesis that reflect 
aspects of their complex nature (Linnemann et al. 2007; review: Galande 2002).

Nowadays high-throughput technologies provide the opportunity to directly 
determine the distribution of scaffold/matrix attachment points in situ across an 
entire eukaryotic genome. While the first genomic arrays were based on BACs, their 
resolution could be increased by the use of cosmids and now of oligonucleotides. 
These tools are being applied to identify endogenous human S/MARs from chromo-
some 16 in preparations that employ nuclear extraction with either 25  mM or 2  M 
NaCl, which leaves the nuclear matrix DNA compact, while the non-matrix DNA 
forms a surrounding halo (Goetze et al. 2003b). Restriction nuclease digestion 
releases the loop DNA from the matrix, enabling the separation by centrifugation of 
matrix-associated DNA (pellet) and loop DNA (supernatant). Data for chromosome 
16 highlight a variety of differential characteristics for the loop and matrix-bound 
portions: loop regions are relatively widespread in contrast to the discrete highly 
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dense regions of matrix attachment. As expected, the tightly grouped matrix-associated
regions are mostly observed in gene-rich regions within intronic GC rich segments, 
whereas a smaller fraction localizes to the borders of extended co-regulated 
transcription units (Linnemann et al. 2007).

A combination of traditional fractionation protocols, combined with array and 
PCR technologies, will both refine and accelerate the identification of S/MARs in 
the human genome. It has been proposed that two of the prevailing strategies, the 
LIS- and NaCl-based in situ extraction procedures, recover different types of 
S/MARs: whereas LIS is known to disrupt transcription complexes, NaCl has been 
shown to disrupt replication foci. Accordingly, the procedures recover distinct 
groups of S/MARs associated with either transcriptionally inactive or active regions 
(Linnemann et al. 2007). Such a genome-wide identification will enable under-
standing the mechanistic role of S/MARs in disease and development. An example 
is the recent report by Petrov et al. (2006), who demonstrate a functional link 
between the de-localization of a defective chromosome segment from the nuclear 
matrix and malignant changes in gene expression. These studies underline the predictive 
value of identifying S/MARs in situ by the “association-approach” (Sect. 3), the 
more so as the results can be substantiated by a haloFISH method.

2.2 BURs as Targets for Anticancer Therapy

SIDD profiles (i.e. plots of G versus map position) are potent predictive tools for 
localizing “base-unpairing regions” (BURs), which are the hallmarks of S/MARs. 
BURs either consist of one dominant G(x) minimum exceeding a threshold extension 
of 200–300  bp (see inserts to Figs. 1 and 2) or of a succession of multiple, evenly 
spaced, but moderately destabilized “unpairing elements” (UEs). In the latter case, if 
spacing between restricted UEs exceeds ≈500  bp, individual elements lose their 
capacity to communicate with each other, concomitant with a loss of scaffold-binding 
activity (Bode et al. 2006). In any event, part or all of the BUR would become 
single stranded at sufficient superhelicity. The relevance of these features is 
underlined by the success of BUR-affinity chromatographic separation procedures, 
which served to isolate and identify a considerable number of S/MAR-associated 
proteins (review: Galande et al. 2002), among these ubiquitous representatives 
such as PARP-1, Ku autoantigen, HMG-I(Y), nucleolin, mutant p53 and cell-type 
specific factors such as SATB1 (T-cells) and BRIGHT (B-cells). The observation that 
prototype BUR binders are early targets for a caspase-mediated apoptotic cleavage 
is of particular present interest. Among these, PARP-1 and SAF-A/hnRNP-U are 
cleaved simultaneously by caspase 3, whereas SATB1 is uniquely cleaved by 
caspase 6.

BURs have recently emerged as general targets for cancer therapy, most likely 
since distinct BUR-binding proteins are up-regulated in carcinomas (Galande 
et al. 2002). The ability of small molecules to target regions with BUR potential 
may therefore provide a general approach for counteracting deleterious effects in 
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these regions. First of all, the naturally occurring oligopeptide distamycin A prefers 
A/T-rich DNA sequences for binding to the minor groove of double-stranded 
DNA, whereby strand unpairing and the association of BUR-specific factors is 
prevented. This principle can be fortified by using distamycin derivatives to carry 
cytotoxic alkylating moieties into these regions. On the other hand, there are a 
number of small molecules available to target BUR-type sequences directly. This 
group comprises two DNA-specific antitumour agents of the cyclopropylpyrro-
leindole family, bizelesin and adozelesin (Schwartz et al. 2003), which share a 
high specificity for AT-patches/BURs. Bizelesin has the highest potential for 
conferring regiospecific alkylation and is one of the most cytotoxic compounds 
ever identified: it produces a significantly higher number of lesions in several 
prominent AT-rich islands within cancer cells than in the bulk of genomic DNA. 
Strikingly, the SIDD-derived S/MAR potential (Sect. 3 and Winkelmann et al. 
2006) of the affected regions correlates well with the total number of bizelesin 
sites (Woynarowski et al. 2001). Presently the design, chemical synthesis and 
in vitro testing of BUR-specific polyamides and other cyclopropylpyrrolein-
dole-derived small molecules are underway in order to exploit their highly 
effective anti-tumor potential.

So far, we have more or less considered the global properties of BUR-binding 
proteins. If we add, as another criterion, the class of S/MARs they interact with, the 
following subdivision emerges:

● Constitutive contacts: mostly established by extended S/MARs at the borders of 
a chromatin domain by association with ubiquitous scaffold proteins, such as 
scaffold attachment factor A (SAF-A, otherwise known as hnRNP-U), the lam-
ins and possibly NuMA/actin. These “bordering elements” are accompanied by 
DNAse hypersensitive sites in all cell types

° Constitutive matrix proteins bind according to the mass-binding phenomenon 
in a cooperative process. Series of binding sub-sites (i.e. of multiple UEs, 
which together form a BUR) may correspond to “AT patches,” “AT hooks,” 
“SAF boxes” or their equivalents (see Sec. 5.2 and Fackelmayer 2004).

° Constitutive S/MARs are platforms for the assembly of chromatin-modulat-
ing proteins such as topo II and related enzymes, which at these sites initiate 
apoptotic degradation, histone-acetyltransferases/–deacetylases and methyl-
binding proteins such as MeCP2/ARBP (Straetling and Yu 1999).

● Facultative S/MARs: more restricted, domain-internal sites, which in the 
extreme case consist of a single UE (insert to Fig. 1). These elements preferentially 
associate with tissue-specific proteins

° These proteins may be rare transcription factors, which are concentrated at 
the scaffold owing to a nuclear matrix-targeting sequence (NMTS; Zeng et al. 
1997) or due to their association with a central player such as PARP, which 
exhibits many activity-dependent modes of binding (Sect. 5.1).

° Cell-type specific factors (such as SATB1 in T-cells, SATB2 and BRIGHT in 
B-cells) that establish a dynamic equilibrium within the domain (see Sect. 5.2 
and the dynamic model depicted in Fig. 1).



78 A. Gluch et al.

The dynamic properties of nuclear matrix functions may explain why this scheme 
must not be considered a rigid one and why we have to expect factors commuting 
between both groups.

3  Scaffolding: Ubiquitous Fibre-Forming Components 
and Their Associated Functions

The backbone of eukaryotic nuclei can be isolated and characterized according to 
protocols that have been optimized for the removal of soluble proteins, such as his-
tones. For instance, the scaffolds resisting LIS extraction contain components 
from three nuclear compartments, (1) the lamina (lamins A-C), (2) the nucleolus 
(nucleolin) and (3) the fibrogranular internal network intermediate filament 
(IF-type proteins). Ludérus et al. (1992, 1994) have studied the distribution of 
S/MAR binding centres over the scaffold and found attachment sites distributed 
equally over the peripheral nuclear lamina and the internal fibrogranular network. 
The domains observed in nuclear matrix preparations by confocal or electron 
microscopy are neither collapsed nor floating free. They are rather retained in a 
precise spatial relationship to other landmarks, demonstrating the function of 
such a supporting structure. The core of these non-chromatin nuclear structures 
is formed by the fibrogranular ribonucleoprotein (RNP) network together with 
two networks of intermediate filaments that stabilize the nuclear envelope from 
both the outside and the inside. On the outside, a cocoon of filaments connects 
the nucleus with the cytoskeleton, while the inner face of the nuclear membrane 
and the nucleus’ interior is reinforced by lamins. In combination with these networks, 
S/MARs impart a wide spectrum of functional properties as they restrict genomic 
areas to particular nuclear compartments.

3.1 Lamin Networks

Lamin proteins are type-V IF proteins that, unlike other family members, assemble 
to branched filaments. Besides the cage-like framework at the inner nuclear mem-
brane, lamins are also found throughout the nucleus: fusions of lamins A and B 
with GFP reveal a homogenous nucleoplasmic “veil” in addition to the intensely 
fluorescing nuclear lamina. Mobility measurements show that within the veil lam-
ins are more mobile and somewhat less resistant to the conventional extraction 
steps. Jackson (2005) has described a branched intermediate filament network that 
ramifies throughout the nucleus of human cells. RNAi techniques were applied to 
displace each of the nuclear lamin proteins from the filaments with the consequence 
that the structural changes correlated with profound effects on both RNA and DNA 
synthesis. An almost complete cessation of transcription by RNA polymerase II 
and an approximately 70% decrease in the number of S-phase cells suggest that 
lamin networks contribute to the regulation of chromatin function.
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Metazoan cells express A- and B-type lamins, which differ in their length and pI 
value. While B-type lamins are present in every cell, A-type lamins are only expressed 
following gastrulation. In humans there are three differentially regulated genes: 
Lamin A and C are splice variants of the LMNA gene found at 1q21, whereas lamins 
B1 and B2 are expressed from the LMNB1 and LMNB2 genes on 5q23 and 19q13, 
respectively. Lamins B (and later A) have been determined as major S/MAR-binding 
partners within the nuclear scaffold. The relevant binding properties could be reproduced 
with paracrystal-like lamin polymers revealing two activity-dependent modes that 
appear to be related to different features of S/MARs. One type involves the regions 
with single-strand potential and the other the minor groove of the DNA double strand. 
Both modes of association are interdependent as S/MAR binding is almost completely 
inhibited by the presence of single-stranded competitors.

3.1.1 Laminopathies

The recent discoveries that mutated lamins and lamin-binding nuclear membrane 
proteins can be linked to numerous rare human diseases (laminopathies) have 
changed the cell biologist’s view of lamins as mere structural nuclear scaffold pro-
teins (review: Zastrow et al. 2004). So far, however, we can only speculate why 
mutations in lamin A/C or in the associated emerin or the lamin B receptor genes 
result in such a wide range of tissue-specific phenotypes and how different muta-
tions in the same gene can give rise to such a diverse set of diseases: Emery-
Dreifuss/limb girdle muscular dystrophies, dilated cardiomyopathy (DCM), 
familial partial lipodystrophy (FPLD), autosomal recessive axonal neuropathy 
(Charcot-S/MARie-Tooth disorder, CMT2), mandibuloacral dysplasia (MAD), 
Hutchison Gilford Progeria syndrome (HGS), Greenberg skeletal dysplasia and 
Pelger-Huet anomaly (PHA). All the mentioned matrix constituents are known to 
interact with DNA and/or chromosomal proteins, including the core histones, and 
they provide a complex dynamic link between the peripheral lamina and nucle-
oskeletal structures. It is anticipated that understanding the cellular dysfunctions 
that lead to laminopathies will further enhance our insight into the specific roles of 
the lamina in nuclear organization (review: Burke and Stewart 2002, 2006).

A particular group of LMNA mutations leads to a progeroid disease called 
“atypical Werner’s syndrome” (WS). Fibroblasts from affected patients show a 
substantially enhanced proportion of nuclei with altered morphology and a disor-
dered lamin structure. So far, there is no molecular explanation for a progeroid dis-
ease associated with lamin functions. However, a clue may arise from relating this 
atypical form to the prototype WS, an inherited disease characterized by sensitivity 
to DNA-damaging agents, by genomic instability and premature aging: Prototype 
WS is caused by a missense mutation in the gene of a RecQ family helicase/exonuclease
(WRN) for which one of the postulated functions is the participation in a replication 
complex (Chen et al. 2003). For WS cells the poly(ADP-ribosyl)ation of cellular 
proteins is severely impaired, suggesting a relation between WRN and PARP-1. 
Immunoprecipitation studies and protein interaction assays in fact indicate
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direct association of PARP-1 with WRN and the assembly of a complex together 
with Ku70/80. In the presence of DNA and NAD+, PARP-1 modifies Ku70/80, but 
not WRN, and it undergoes the typical automodification reaction. These events 
reduce the DNA binding capacity of Ku70/80 and its potential to stimulate WRN 
activity, demonstrating that PARP-1 is definitely involved in its regulation (Li et al. 
2004). A report by Vidakovíc et al. (2004) proving that the association with lamins 
modulates the activity of PARP-1 may provide the missing link between the two 
forms of the syndrome (atypical and prototype; cf. Fig. 2).

Poly(ADP-ribosyl)ation has frequently been linked to longevity, as differences in 
the catalytic activity of PARP-1 closely correlate with differences in life span. These 
findings together suggest a functional link between WRN, PARP-1 and Ku70/80, 
which can consequently be considered as caretakers of genome integrity.

3.2 hnRNPs: SAF-A

Mattern et al. (1997 and references therein) have identified the most abundant 
proteins that are exclusively present in the internal nuclear network. In line with earlier
reports (Nakayasu and Berezney 1991), many of these belong to the group of 
heterogeneous nuclear ribonucleoproteins (hnRNPs), the sites of nascent tran-
scripts and RNA maturation. These findings support a model in which major matrix 
protein constituents are involved in RNA metabolism, packaging and transport.

The most abundant component of this group, called “scaffold-attachment factor A” 
(SAF-A/ hnRNP-U), was first characterized in LIS-extracted scaffolds (Kipp et al. 
2000 and references therein). SAF-A associates with multiple S/MARs, and UV-cross-
linking experiments show that this established RNA binder is also associated with 
DNA in vivo. HeLa-cells contain about 2 million molecules per nucleus, half of 
which associate with the nuclear matrix in a salt-resistant manner. The other half is 
either bound to hnRNP particles or resides in a DNAseI extractable fraction.

The primary structure of SAF-A reflects its dual function as there are two inde-
pendent nucleic acid-binding domains, (1) a C-terminal RNA/ssDNA binding domain 
(RGG box) and (2) a S/MAR-specific 45-amino acid N-terminal domain, called 
“SAF box”, which is split and inactivated during apoptosis (Kipp et al. 2000). The 
SAF box is reminiscent of a homeobox lacking the DNA recognition helix and was 
the first characterized protein domain specifically recognizing S/MARs. SAF boxes are 
present in organisms as distant as yeast, plants and mammals, but not in prokaryotes, 
compatible with their specific binding to S/MAR-DNA. Originally unexpected, SAF-
box-containing proteins from evolutionarily distant eukaryotes are not orthologs since 
homologies outside the SAF box are barely detectable. For most of these proteins, the 
function has remained unknown, with the exception of SAF-B and E1B-AP5, 
which serve related functions in the nuclear architecture and/or RNA metabolism. 
Interestingly, a poly(ADP-ribosyl)ase (PARP) from A. thaliana contains two SAF 
boxes in tandem, suggesting that these can substitute for certain functions of, for 
instance, Zn-finger domains (Kipp et al. 2000). Being a ubiquitous S/MAR-binding 



Scaffold/Matrix Attachment Regions (S/MARs) 81

component of the nuclear matrix, a separate chapter Sect. 5.1) will be devoted to PARP-1, 
the major representative of this class in mammals.

In vitro, SAF-A shows a pronounced propensity to self-polymerize, and this 
state is required to recognize S/MAR-DNA. Binding follows a cooperative mode, 
which is also typical for scaffold-S/MAR interactions (Kay and Bode 1994): each 
individual domain interacts only weakly with a DNA element, i.e. an UE according 
to Fig. 1. Only the simultaneous binding of SAF boxes to multiple UEs confers a 
strong and at the same time specific interaction in accord with the “mass-binding 
mode.” This model explains the well-known phenomenon that there are hardly any 
naturally occurring S/MARs below a critical length of 250 bp. The failure of 
ssDNA to compete for the interaction of S/MARs with SAF boxes shows that 
SAF-box proteins alone cannot explain all criteria of scaffold-S/MAR interactions.
However, a superimposition of SAF- and lamin-binding characteristics could well 
account for it.

Fackelmayer and colleagues (2004) have reported results from a defined model 
system to elucidate the role of scaffolds in DNA replication. They used extracts from 
Xenopus laevis eggs that contain all necessary components to assemble replication-
competent nuclei, but do not support interfering reactions such as transcription or 
RNA maturation. They show, for the first time, that SAF-A provides an architectural 
framework on which active replication factories are assembled. Even when DNA is 
removed, SAF-A continues to form a nuclear reticulum. A dominant-negative 
approach indicates that the same is true in cultured cells. Consistent with its pro-
posed role as a structural component, SAF-A/GFP fusions subjected to “fluores-
cence recovery after photobleaching” (FRAP) studies showed the protein to be 
rather immobile. Taken together, the data point to a structuring role of a SAF-A scaf-
fold for DNA replication (congress report by Jackson 2005 and in preparation).

Meanwhile, SAF-A has been implicated in several more functions. Its association
with histoneacetyltransferases (Martens et al. 2002) may be taken as an indication 
that S/MAR effects on histone hyperacetylation (Schlake et al.1994) are actually 
mediated by SAF-A implementing the protein in transcriptional potentiation (Sect. 3). 
Its involvement in the maintenance of nonviral episomes (Jencke et al. 2001) 
emphasizes its function in DNA replication.

3.2.1 SAF-A and Nuclear Hormone Receptor Functions

Nuclear hormone receptors are paradigms of regulated transcription factor systems 
that integrate signal transduction into nuclear architecture. The family includes 
receptors for steroid and thyroid hormones, for vitamin A and vitamin D. These 
receptors have become important pharmacological targets in a wide variety of clini-
cal disorders, such as fertility issues and autoimmune diseases, which are now 
amenable to treatment with agonists or antagonists. It is anticipated that blocking 
the scaffold association of hormone receptors should have comparable effects to 
such an approach, but on a different level of regulation. Synergistic effects may 
arise when these treatments are used in combination (review: Fackelmayer 2004).
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In the absence of a ligand most members of this receptor class localize to the 
cytoplasm. After hormone binding, they are translocated to the nucleus where they 
establish a punctuate pattern that is resistant to enzymatic removal of chromatin and 
thereby suggestive for nuclear matrix binding. It has been hypothesized that matrix-
acceptor protein interactions occur in a cell-type-specific fashion. Identifying the 
acceptor proteins may therefore guide the development of specialized agents to 
modulate hormone-dependent gene expression patterns.

For the glucocorticoid receptor (GR), a minimal NMTS has been identified. If it was 
applied to screen for relevant acceptor proteins, SAF-A was recovered. Subsequent 
assays suggest that SAF-A might serve as the docking site for ligand-bound GR on the 
matrix. Comparable results are now available, demonstrating the specific interaction of 
a steroid hormone receptor with SAF-B, the second-most ubiquitous member of the 
SAF-box family in mammalia. When overexpressed, SAF-B exerts growth inhibition 
in breast tumor cells. In this context, it is noted that 20% of all breast tumors lack detect-
able levels of SAF-B, owing to aberrations at its gene locus (Fackelmayer 2004).

3.3 Nuclear Actin

Actin, actin-related proteins and numerous actin-binding proteins (including a 
nuclear-specific isoform of myosin I) are now known to be present in the nucleus, 
but their functions are emerging only slowly (Pederson and Aebi 2005). While 
there is no evidence yet for long actin filaments (F-actin), nuclear actin can form a 
multitude of dimers, short protofilaments and tubular, flat or branched oligomers. 
These nuclear actin polymers adopt a unique conformation that is recognized by 
specific antibodies. Since actins can also bind to two regions in the lamin A/C tail, 
they may be considered architectural partners of lamin filaments.

The presence of actin and nuclear myosin I (NMI) in the nucleus suggests a role for 
these motor proteins in nuclear functions. Although a direct participation in the nuclear 
matrix has remained uncertain, there have been hints for their interaction with nuclear 
RNAs and with proteins from hnRNP complexes (Percipalle et al. 2002), which, accord-
ing to Kukalev et al. (2005), are essential for productive pol II transcription. Other studies 
demonstrate that antibodies against β-actin inhibit pol II transcription in a mammalian 
system for which actin was detected as a component of pre-initiation complexes and 
where it played a role in initiation (Hofmann et al. 2004). Since this inhibitory effect 
could be reproduced on naked DNA templates in vitro, the transcriptional role of actin 
does not seem to be restricted to chromatin remodelling complexes.

3.4 Nuclear Mitotic Apparatus Protein (NuMA)

NuMA, an abundant 240-kDa protein, binds to microtubules via its carboxyl termi-
nal domain. During interphase, it is found in the nucleus, but during early mitosis 
it redistributes to the separating centrosomes. As a mitotic component it is essential 
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for the organization and stabilization of spindle poles up to the onset of anaphase. 
The cell cycle-dependent distribution and function of NuMA is regulated by phos-
phorylation (in mitosis) and dephosphorylation.

NuMA has been shown not only to bind S/MARs (Ludérus et al. 1994), but also 
to be part of nuclear matrix core filaments (Zeng et al. 1994). Its predicted structural
features are a globular head, tail domains and a central two-stranded α-helical rod 
similar to members of IF family, suggesting that NuMA can form filamentous 
structures via coiled-coil interactions. In line with this expectation an extensive 
filamentous network of interconnected 5-nm fibers could be demonstrated upon 
transient over-expression (Harborth et al.1999). Antibodies against NuMA label 
portions of the nuclear matrix, but not on the 10-nm filaments. Since the actin-related
nuclear proteins myosin and structural protein 4.1 bind to NuMA, this interaction 
may link actin-related and NuMA-related nuclear structures.

4  Regulatory Networks: Key Players Qualify by Diverse 
Interactions with S/MARs or Scaffolds

Our simplified view (Sect. 3.2) that constitutive S/MAR elements interact with con-
stitutive proteins such as SAF-A or lamins does not exclude the modulation of these 
contacts by cell-type-specific factors. Besides, there are examples for proteins that 
gain or lose function by their integration into the matrix via an NMTS or by interac-
tion with specific factors at the matrix. As an example, nuclear receptors have 
already been mentioned that gain activity by their association with SAF-A (Sect. 
4.2.2). The proteins discussed below are involved in more diverse functions. They 
either interact with a plethora of other factors (PARP functions will be elaborated 
exemplarily since the scope of its actions is under extensive present investigation) or 
they are cell specific. A particularly well-studied example from the latter group is 
SATB1, the first member of a class of cell-type-specific fibre-forming components, 
which forms a functional link between the central topics of Sects. 4 and 5.

4.1 PARP

More than 40 years ago, Chambon et al. (1963) discovered that the addition of 
nicotinamide mononucleotide to rat liver nuclear extracts stimulates the synthesis of 
a polyadenylic acid, later identified as poly(ADP-ribose) (PAR). This discovery 
initiated research on the enzymes that regulate PAR metabolism, in particular poly
(ADP-ribose) polymerase (PARP) and the de-modifying enzyme, poly(ADP- ribose) 
glycohydrolase (PARG). Since then 18 genes encoding members of the PARP family 
have been identified, among these the one encoding PARP-1, which accounts for 
80% of this post-synthetic modification. PARP-1 forms homodimers, it catalyses the 
cleavage of NAD+ into nicotinamide and ADP ribose, and it uses the latter to synthesize
and attach nucleic acid-like polymers to Glu-residues in acceptor proteins, including 
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itself (automodification). The ribose-phosphate backbone of PAR has a higher 
negative charge even than DNA, enabling it to attract basic proteins with a specificity
that is fine-tuned by its branched and helical structure. Nicotinamide, the smaller 
NAD+ cleavage product, regulates PARP activity by feedback inhibition.

A still prevailing view is that the enzymatic activity of PARP-1 strictly depends 
on binding (via its double Zn-finger domain) to free DNA ends. This process trig-
gers the allosteric activation of the enzyme leading to activities 10–500-fold above 
the so-called “basal state”. A damage-induced activation alone, however, does not 
explain the multiple roles PARP-1 serves in the regulation of cellular functions 
under normal physiological conditions. Since the role of PARP-1 in DNA repair, 
apoptosis and necrosis has been reviewed extensively in the past (see Vidakovic 
et al. 2005b for a recent report from this group), the present article will emphasize 
PARP functions in transcription regulation. This does not exclude, however, phe-
nomena at the intersection of both topics. As a whole, the chapter will serve to 
introduce and start to explain the beneficial therapeutic actions of PARP inhibitors 
in cancer and inflammation-related disease.

4.1.1 The Three as: Activation, Activities, and Actions

Activation: There are several levels at which the activity of PARP-1 can be regulated:

● By the classical pathway, i.e. by binding to single strand- and (even more 
strongly) to double-strand breaks

● By binding to certain DNA structures with base-unpairing and secondary-structure-
forming potential

● By binding to DNA crossovers
● By activating factors that cause allosteric changes and/or prevent an automodification-

dependent inactivation of the enzyme (Sect. 5.1.3)
● Other protein partners such as the lamins are storage sites for the inactive form 

of PARP-1 (Vidakovíc et al. 2004, 2005a,b)

❍ PARP-binding sites in its own promoter (Soldatenkov 2002 and insert to 
Fig. 2), by interacting with lamins, may displace the PARP gene to nuclear 
periphery (lamina) and prevent its induction.

Recent evidence in fact emphasizes that, besides binding to DNA strand breaks, 
PARP-1 can also bind, in a cooperative manner, to the following DNA secondary 
structures: cruciforms, curved or supercoiled forms, crossovers and (either alone 
or as a complex with Ku antigen) to base-unpaired regions as found in S/MARs 
(Lonskaya et al. 2006). Some of these structures turned out to be even better 
activators than damaged DNA. The capacity of PARP-1 to bind to two DNA helices 
simultaneously (Rolli et al. 2000) indicates that the enzyme might be able to bind 
to the dyad axis where DNA enters and exits the nucleosome, providing an 
additional option by which its enzymatic activity can be regulated.

PARP-1 enzymatic activity is not only stimulated by the association with various 
DNA structures, but also by protein-binding partners. A well-investigated example 
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is its interaction with the transcription factor YY1, which can stimulate the enzyme 
as much as ten-fold (Griesenbeck et al. 1999). YY1 is accommodated by PARP-1 
at its BRCT (breast cancer susceptibility protein C-terminal) domain. Interestingly, 
this motif overlaps its automodification domain such that part of the effect may be 
due to an impaired self-modification that would otherwise lead to PARP-1 inactiva-
tion. Actions of this kind might account for local heteromodification processes 
induced by the recruitment of PARP to particular genes.

Activities: PARP-1’s catalytic domain supports several reaction types resulting either 
in linear or branched PAR polymers that can comprise as many as 200 units (D’Amours 
et al. 1999). In the absence of DNA damage, the length of the polymer is considerably 
shorter, ranging from single residues to oligo(ADP-ribose) units. Polymer size and 
complexity are determined by the relative contribution of the following activities:

● Initiation, i.e. the attachment of ADP-ribose to an acceptor protein
● Elongation
● Branching. The average branching frequency of the polymer is approximately 

one branch per linear repeat of 20–50 units of ADP-ribose (Alvarez-Gonzalez 
et al. 1999)

These activities may be regulated independently, at least to a certain extent: while 
the concentration of activating DNA motifs has been shown to affect the frequency 
of initiation, the polymer size is determined by the concentration of NAD+ (Alvarez-
Gonzalez et al. 1999). Therefore, it is conceivable that PARP-1 actions cannot only 
be adapted to the physiological state of the cell (as reflected by energy status and 
NAD+ concentration), but also can be fine-tuned by allosteric regulators.

Actions: In line with some other proteins in this chapter (YY1, SATB1), PARP 
acts in a context-dependent manner (review: Kraus and Lis 2003), which means 
that the context determines whether it exerts activating or repressing effects:

● Each of the activating processes mentioned above has the potential to result in 
an opening of the respective chromatin domain, for instance by a local PAR modifica-
tion of histones and non-histone proteins. Such a process facilitates transcription 
by RNA polymerases

● As an enhancer/promoter binding factor, PARP can support, by association, activa-
tors like YY1, p53, AP1, AP2, B-myb, TEF-1/Max, Sp1, Oct-1 and STATs

° On the other hand, direct interaction with factors such as NFκ-B may inhibit 
the interaction with an DNA element (Chang and Alvarez-Gonzalez 2001)

● At elevated concentrations of NAD+, PARP-1 can alternatively inactivate transcrip-
tion factors such as YY1, p53, fos, SP1, CREB and TBP by poly (ADP-ribosyl)ation,
which prevents their binding to the cognate sequences. These processes prevent 
initiation by Pol II, but they do not interfere with ongoing transcription

● Most of the activity-dependent effects are terminated by the PARP-1-specific 
automodification, which releases the enzyme from DNA or most of its interacting 
partners (for instance, NFκ-B, which, left alone, regains the capacity to associate 
with its cognate element)
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PARP-1 can also serve structural roles in chromatin since it has a number of properties
that are similar (but not identical) to H1, and it competes with H1 for binding to 
nucleosomes. In detail, PARP-1:

● Protects DNA in the linker region at the exit points of DNA from the nucleo-
some by binding via its double Zn finger (consistent with reports that PARP-1 
can interact simultaneously with two DNA helices)

● Saturates nucleosome binding at a 1:1 molar ratio
● Increases the nucleosomal repeat length when binding to nucleosomal arrays
● In vivo, PARP-1 incorporation occurs into transcriptionally silent chromatin 

domains that are clearly distinct from histone H1-repressed domains. In this sit-
uation, it not only plays a structural role, but it is poised for NAD+-dependent
activation, which in turn leads to various levels of automodification, facilitating 
chromatin de-condensation and transcription by pol II

During these actions, transcription factors can become inactivated by poly-ADP-
ribosylation and released from the DNA, thereby preventing repeated cycles of 
transcription. Such a process may be accompanied by histone-oligo(ADP-
ribosyl)ation, an activity by which PARP-1 modulates chromatin structure. 
Among the histones H1 and H2B are the main substrates: while modified H1 is 
found associated with DNAsel hypersensitive sites (HS), core histones are the 
preferred targets if they are tightly bound to S/MARs. Combinatorial effects have 
also been described: certain acetylated H4 subspecies become predominantly tri- 
and tetra-(ADPribosyl)ated (Faraone-Mennella 2005). As usual, the series of 
events is terminated by extensive PARP automodification triggering its own dis-
sociation from DNA.

The participation of PARP-1 in DNA repair has recently been reviewed (Vidakovíc 
et al. 2005b) and is briefly summarized in the lower section. The preferred occurrence 
of DNA strand breaks (asterix) at an HS is indicated (review: Bode et al. 2000a)

4.1.2 Autoregulatory Circuits

Only recent studies have suggested that a background PARP-1 activity in normal 
cells is an integral part of gene regulation during development and in response to 
specific cellular signals. As mentioned above, PARP-1 can act as a transcriptional 
regulator that mediates both positive and negative effects in a context-dependent 
manner. The latter phenomenon includes the suppression of its own promoter 
(Soldatenkov et al. 2002), for which we could verify the presence of S/MAR 
elements in several locations that were initially deduced from the BURs in an SIDD 
diagram (marked in the insert to Fig. 2). We could also show that the strongest 
(most destabilized) of the UEs mediates PARP binding and is thereby likely to be 
the responsible element (Vidakovic, in preparation).

Based on these data, we assume that the PARP-1 gene can be switched on upon 
demand, mostly to replenish the existing cellular pools consisting of non-activated 
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enzyme. From nuclear fractionation, crosslinking, immunoprecipitation experi-
ments and fluorescence microscopy, we have deduced a functional interaction 
between non-modified PARP-1 and lamin B (Vidaković et al. 2004, 2005a). These 
results show that, under physiological conditions, a major part of the enzyme 
resides at the lamina shell. Since for mammalians the nuclear periphery represents 
a transcriptionally repressive compartment, it would appear conceivable that gene 
inactivation follows the association of the PARP promoter with the lamina.

While association with the lamina shell reflects the inactive state of PARP-1, its 
activation causes a gradual release as expected (Vidaković et al. 2005a). In the 
framework of our model, therefore, lamins are the major storage site of PARP-1. 
Both proteins share a high affinity for S/MAR sequences, and they preferentially 
recognize DNA secondary structures rather than a specific consensus (see Sects. 4.1 
and 5.1.1). Because lamins belong to the substrates of PARP-1, these processes 
might be tuned in a combinatorial way by different degrees of poly(ADP-ribosyl)ation.
This suggests that an extensive auto- and heteromodification supports the dissociation
of PARP-1 from the lamina, enabling its engagement in other interactions. Dwelling of 
PARP-1 protein near S/MARs appears as a strategic advantage since S/MAR-
associated DNA structures are a common feature of S/MAR-associated breakpoints 
(Bode et al. 2000a).

There are two reports for functional links between the major sections (transcrip-
tion and repair) in Fig. 2.

Treatment of nuclei with RNAse or exposure to transcription inhibitors releases 
a subpopulation of PARP-1, indicating a role in transcription. Vispé et al. (2000) 
provide evidence for such a previously unrecognized pathway: PARP-1 is found to 
reduce the rate of transcription elongation by pol II, suggesting regulation at the 
level of PARP-RNA complexes. In damaged cells, binding of PARP to DNA breaks 
activates the enzyme in the presence of NAD+, which promotes extensive automodi-
fication and results in its dissociation from DNA. This release allows DNA repair to 
commence. Since auto-modified PARP is likewise prevented from binding to RNA, 
mRNA synthesis is up-regulated. After the completion of DNA repair, unmodified 
PARP-1 will be regenerated by PARG to resume association with RNA.

A second mechanistic connection emerged between components of the DNA 
repair and transcription machineries: the signal-dependent activation of transcription 
by nuclear receptors and other classes of DNA binding transcription factors requires 
DNA topo IIβ-dependent, site-specific dsDNA breaks triggering PARP-1 activity. 
These transient breaks are in turn a prerequisite for local changes of chromatin 
architecture (Ju et al. 2006).

4.1.3 PARP and YY1

The function of Yin Yang 1 (YY1) 1 in transcription is context specific and requires 
interactions with many cellular factors. As a result, YY1 elaborates intracellular 
networks that allow it to induce multiple functions in transcriptional initiation, 
activation and repression, ultimately leading to the regulation of normal cell growth 
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and survival. Even the links to PARP-1 are multifold: YY1 activates the enzymatic 
activity of PARP-1 in a negative feedback mode as the process is terminated by 
PARP automodification (Oei and Shi 2001). Moreover, YY1 binding sites are 
present in the distal region of human PARP-1 promoter, suggesting that this factor 
participates in PARP-1- gene expression. These examples already suggest multiple 
functional relationships between both proteins in response to various stimuli.

YY1 was introduced by Guo et al. (1995) as “nuclear matrix protein 1” (NMP-
1), i.e. as a DNA-binding factor with sequence-specific recognition of a regulatory 
element next to a histone H4 gene. Findings of this type suggest that YY1 may medi-
ate gene-matrix interactions and participate in the assembly of multimolecular 
complexes. Using deletion constructs, McNeil et al. (1998) have demonstrated the 
role of the C-terminal domain in accord with data by Bushmeyer et al. (1998), who 
localized a nuclear matrix targeting signal to the Zn-finger region, a domain already 
known to mediate binding to DNA and to associate with components of the histone-
acetylation apparatus (both HAT and HDAC are components of the nuclear matrix). It 
appears likely that at least some of these interactions are mutually exclusive; there-
fore, it will be of interest to determine how the association of YY1 with its 
binding partners is regulated and what role the related factor YY2 (Klar and Bode 
2005) plays in this circuitry.

The precise localization of YY1/YY2-binding sites at the flanks of a destabi-
lized region (insert to Fig. 1) deserves particular attention since it indicates the 
evolutionary conservation of both a potent binding motif and the ability to undergo 
strand separation. Although YY1 is a factor that requires both DNA strands simul-
taneously for its binding, this situation may require a flexible DNA backbone, the 
more so as certain actions of YY1 are ascribed to its DNA bending potential and 
the direction of the respective bend.

4.1.4 PARP, wt-p53 and mut-p53

Numerous studies have indicated a critical role for PARP-1 and p53 in the maintenance
of genome integrity. Both proteins promote base excision repair (BER) via physical 
interactions with the BER protein complex. While the possible actions are manifold,
both the ability of p53 to degrade mis-paired intermediates and the anti-recombinogenic
function of PARP-1 may be relevant. PARP-1 exerts this function by protecting 
strand breaks before the repair complex has correctly been assembled. p53 has a 
high affinity for auto-modified PARP-1, which in turn is involved in the activation 
of p53 protein in response to DNA damage and other stimuli. These and numerous 
additional observations demonstrate that PARP-1 is an essential cofactor in the 
activation cascade of p53-dependent target genes.

Deppert and co-workers were the first to trace p53 to the nuclear matrix, while 
Jiang et al. (2001) have demonstrated that this association increases following DNA 
damage. In an effort to understand p53 functions by their relation to nuclear structures,
Okorokov et al. (2002) found that a potential nuclear matrix component for such an 
association is nuclear actin (Sect. 4.3), the more so as this interaction is strengthened
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during DNA damage. The dynamic interaction of p53 with the nuclear matrix is 
therefore one key to understanding the p53-mediated cellular responses to DNA damage.

Being a tumor suppressor gene, the presence of p53 reduces the occurrence of 
tumors by promoting apoptosis in cancer cells. A common pathway is the linear one 
involving bax transactivation, bax translocation from the cytosol to membranes, 
cytochrome c release from mitochondria and caspase-9 activation, followed by the 
activation of caspase-3, -6 and -7. p53 is modified by PARP early during apoptosis, 
leading to its stabilization. Only at later stages is PARP itself cleaved by caspase 3, 
and PAR is removed from p53 concomitant with the onset of apoptosis. On the 
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Fig. 3 PARP inhibitors counteract tumor growth and excessive inflammatory responses. Neutro-
philic granulocytes mediate the activation of PARP-1 via the products of NO conversion (insert),
which in turn supports the expression of pro-inflammatory peptides: activator protein 1 (AP-1) is 
a complex from c-jun and c-fos family members out of which the expression of c-jun becomes 
elevated during inflammatory lesions. NF-κB (p60 × p50) levels are rather constant, but the factor 
is kept in an inactive state due to association with I-κB. Inflammatory responses resolve the com-
plex and cause NF-κB translocation to the nucleus. After their activation, both AP-1 and NF-κB
induce their respective target genes (encoding inflammatory cytokines and matrix-degrading met-
alloproteinases). HIF-1 adapts leukocyte metabolism to low oxygen pressure as described in the 
text. PARP inhibitors prevent angiogenesis (and thereby tumor growth) by repressing both the 
pro-inflammatory (1A) and the induced inflammatory factors (1B). Regarding the effect of muta-
tions, PARP-1 can, in part, substitute for the action of tumor suppressors (exemplified by p53) and 
cancer-susceptibility genes (exemplified by BRCA2) if these become inactivated. In this case, 
PARP-1 inhibitors serve to prevent the consequences from an overshooting activity (i.e. necrosis 
and subsequent inflammatory responses). If the severe depletion of NAD+ and ATP pools can be 
relieved by PARP-1 inhibition, cells may enter the apoptotic pathway even in the absence of p53. 
If existing damage can be reversed, PARP may aid in approaching genome stability, at least to the 
extent that might be possible in the presence of p53-mutants
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other hand, many apoptosis-related genes become transcriptionally regulated by 
p53. A full understanding of the mechanisms by which these and other factors 
induce apoptosis, and the reasons why cell death is bypassed in transformed cells, 
is of fundamental importance in cancer research and has great implications in the 
design of novel anticancer therapeutics (see Fig. 3).

While wt-p53 is well known for its tumour suppressor functions and for serving 
as a “guardian of the genome”, mutation in the p53 gene is the most common event 
in cancer. This is the case for 80% of all colon tumors, 50% of lung tumors and 
40% of breast tumors. A characteristic feature of its mutational spectrum is the fre-
quency of missense point mutations at six hot spots within the region encoding the 
central DNA-binding domain of the protein. Most of these mutations not only lead 
to the inactivation of its tumor suppressor activity, but also confer oncogenic prop-
erties to its mutant forms (reviews: Deppert 1996; Kim and Deppert 2004). 
Actually, the transcriptional effects mediated by mut-p53 follow a mechanism 
totally different from p53 as they arise in the absence of specific responsive ele-
ments and affect an entirely different spectrum of genes that are either modulated 
in the positive or in the negative sense. It is intriguing that the search for cis-acting
elements, which are targets of mut-, but not wt-p53, led to a variety of S/MARs and 
that the gain-of-function mutations in p53 could be correlated with the acquisition 
of a high S/MAR-binding potential (K

d
 ~10−10 M). In Sect. 3 we have introduced S/

MARs as regulatory DNA elements important for higher-order chromatin organiza-
tion, long-range enhancer function and the propagation of chromatin modifications. 
This suggests that mut-p53/S/MAR interactions may serve to activate the expres-
sion of genes involved in cell proliferation and tumorigenesis, for instance, by 
forming a DNA loop that brings cis-acting regulatory elements into apposition with 
the respective promoters. Such a model might involve a p53-mediated sub-looping 
of chromatin loops for gene activation (Fig. 1) or the disruption of otherwise con-
stitutive gene structures by interfering with the functions of domain borders.

4.1.5 PARP and BRCA1/2

In 1994, two human breast cancer susceptibility genes were identified: BRCA1 on 
chromosome 17 and BRCA2 on chromosome 13. Individuals with a mutation in 
either BRCA1 or BRCA2 are at risk of developing breast or ovarian cancer at 
some point in their lives. It was not clear what the function of these genes is until 
studies on a related protein in yeast revealed their normal role in the repair of 
radiation-induced breaks in double-stranded DNA. Now it is thought that muta-
tions in BRCA1 or BRCA2 might disable this mechanism, leading to errors in DNA 
replication and ultimately to cancerous growth. Studies of brca1- and brca2-defi-
cient cells in fact indicate that BRCA2 controls the intracellular transport and 
activity of RAD51, a protein necessary for double-strand break (DSB) repair by 
homologous recombination (HR). For BRCA1, the mode of action is less clear, but 
it might involve regulation of the MRE11 exonuclease that is required for creation 
ssDNA segments at the sites of DSBs.
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Sub-cellular fractionation experiments showed a tight interaction with the 
nuclear matrix for most of BRCA1/2, and this localization was maintained follow-
ing the treatment with DNA damaging agents that activate homology-mediated 
DSB repair pathways. Therefore, BRCA1 and -2 add to the list of examples where 
proteins act from positions that are anchored to the nuclear matrix. These data are 
consistent with models suggesting that components of specific repair complexes 
reside at the nuclear matrix to recruit damaged DNA (Huber and Chodosh 2005).

PARP1 activity becomes vital in BRCA2-deficient cells. As a result of their 
deficiency in HR, these cells are acutely sensitive to PARP inhibitors, presumably 
because collapsed replication forks are no longer repaired. This requirement can be 
exploited in order to specifically kill BRCA2-deficient tumours by PARP inhibi-
tors. Such use of a DNA repair inhibitor for the selective killing of a tumour in the 
absence of an exogenous DNA-damaging agent represents a completely new con-
cept in cancer treatment (Fig. 3).

4.1.6 PARP as a Therapeutic Target

The example of BRCA2 has introduced genes that counteract cancerous growth and 
for which PARP may play a complementary role. In other words, cells that lose one 
of these players have to rely on PARP for DNA repair and survival. If PARP is disa-
bled, however, this will lead to the accumulation of DNA damage, causing the shift 
from repair to apoptosis (review: Vidakovíc et al. 2005b). This in turn may be the 
reason why PARP inhibition has proven beneficial in antitumour therapy. In a second 
scenario, damage might lead to the excessive over-activation of PARP. The associated 
depletion of NAD+ and ATP would then result in necrosis and, as a consequence, to 
cell leakage and associated inflammatory responses. If PARP activity is reduced, cells 
might enter the apoptotic route instead, leading to the desired outcome.

Second-generation PARP inhibitors have now entered the field to support the 
chemotherapy and radiotherapy of human cancers (review: Virág and Szabo 2002). 
Their administration together with cytotoxic drugs that cause persistent single- and 
double-strand DNA has potentiated their activity. These principles are summarized 
in the right section of Fig. 3 (size of PARP lettering reflects PARP-1 activity).

4.1.6.1 PARP Inhibitors in Inflammation

Inflammation is the first response of the immune system to infection, irritation 
or other injury. Components of the immune system immediately infiltrate the 
affected site leading to an increased blood supply and vascular permeability. 
Neutrophils are at the forefront of cells to appear in the infected area where they 
trigger a local oxidant burst. This pulse is primarily directed against the invading 
agent, but it may give rise to pro-inflammatory factors, via DNA lesion/PARP 
activation, in nearby professional and nonprofessional immune cells. Peroxy-
nitrite, a labile, toxic oxidant arising from the reaction of superoxide anion radical 
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and nitric oxide (NO), is considered to be the main trigger (Virág and Szabó 
2002). These compounds as well as the nitroxyl anion and the hydroxyl radical 
induce DNA single strand breaks, leading to PARP-1 activity. In this context, it 
is noted that neutrophilic and eosinophilic granulocytes are the only known 
mammalian cells that do not contain PARP (Virág and Szábo 2002), probably 
since its presence would not be compatible with the high levels of local oxidant 
production they cause.

Different mechanisms have been proposed to explain the fact that an inhibition 
of PARP-1 improves the outcome of a variety of pathophysiological conditions 
associated with an irritated tissue and systemic inflammation:

● According to the “suicide hypothesis”, the peroxynitrite-induced massive 
PARP-1 activation leads to a rapid depletion of NAD+ and ATP. The same agent 
also induces mitochondrial free-radical generation, which amplifies these effects 
to trigger necrosis.

● While the extent of PARP-1 activation serves as a molecular switch between 
necrosis and apoptosis, the associated NAD+ consumption acts as the metabolic 
link between DNA damage and cell death.

● Moderate PARP-1 activities promote transcriptional activation in lymphocytes. 
PARP-1 inhibitors have proven useful in this context and are applied for the 
treatment of autoimmune disorders, for instance, of the central nervous system.

Inflammatory actions disrupt the vascular structure around the site of injury and 
thereby lead to decreased oxygen pressure. The responding immune cells have to 
adapt to these conditions, and it has been found that leukocytes have the unique 
ability to cause a metabolic switch using HIF-1 (hypoxia-inducible transcription 
factor-1; Fig. 3). The PI3-kinase/Akt pathway and MAP kinase cascade, respectively, 
are involved in these pro-inflammatory responses. The adjustment of HIF-1 levels 
as well as the attenuation of NF-κB- and AP-1 actions by PARP inhibition has 
proven beneficial in this context, the more so as these measures restrict angiogenesis,
which would otherwise support tumor growth (Martin-Oliva et al. 2006).

4.2 S/MAR-Dependent Interactions at the IgH Enhancer

Section 4.2 has shown that most of the ubiquitous proteins at the scaffold comply with 
BUR-binding characteristics (review: Galande 2002). While these proteins differ 
widely regarding their DNA-binding domains, it is noteworthy that most of them com-
prise a structural motif that might confer high affinity towards BURs. Recently, the SAF 
box could be localized in several DNA-binding proteins and can now be considered as 
one of the prototype domains. Another motif, the 11-residue “AT hook”, was first 
detected in the HMG-I(Y) protein and associates with multiple A/T tracts that are sepa-
rated by 6–8 bp, resembling the architecture of BURs. HMG1/2 and related proteins 
with multiple HMG boxes recognize irregular DNA structures in a sequence-nonspe-
cific manner. One preferred substrate is the cruciform structure that arises by intrastrand 
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pairing at inverted repeats that are common in S/MARs (Mielke et al. 1996). As base 
unpairing is a prerequisite for cruciform formation, the latter process directly depends 
on SIDD properties. While the DNA binding features of PARP-1 and YY1 are governed 
by Zn-finger domains, the PARP-1/Ku70/86 complex recognizes S/MARs, probably as 
a consequence of its ss-DNA recognition potential (Galande and Kohwi-Shigematsu 
1999). Our own laboratory has detected that YY1 consensus sequences with regulatory 
potential are consistently found adjacent to UEs, probably in order to utilize the factor’s 
bending potential (see Sect. 5.1.3 and Klar and Bode 2005).

The following section will extend these aspects to cell-specific BUR binders in 
lymphocytes and discuss the regulatory networks of which they are part. Here, the 
immunoglobulin heavy-chain (IgH) locus has become a paradigm. Within the locus, 
transcription is controlled by promoters, located 5' of the individual variable (VH) 
gene segments, and by a composite downstream enhancer (Eµ). The Eµ region can 
be subdivided into an enhancer core (220 bp) and two 310–350-bp flanking S/MARs 
that were first defined by matrix-binding assays in vitro. According to our conven-
tion, these S/MARs are classified as being “facultative elements” (Fig. 1) as the 
associating factors, in striking contrast to the ubiquitous core-enhancer binding 
counterparts, are cell-type restricted. They have, therefore, the potential to cause 
dynamic changes of nuclear structures in accord with their suggested function.

4.2.1 SATB1

A factor binding to the 3¢ Eµ-associated S/MAR in T-cells, special AT-rich DNA 
binding protein 1 (SATB1), became the founding father of all BUR binders when it 
was identified and cloned by virtue of its ability to bind to the core-unpairing 
element (CUE) located within the 3’ S/MAR. SATB1 does not associate with 
mutated CUEs that lack the unwinding property (Bode et al. 1992). Since it neither 
binds to nor is competed off by ssDNA, the CUE must be recognized indirectly 
through an altered sugar phosphate backbone. Thereby it differs from other 
S/MAR-binding proteins such as mutant p53, which trigger a strand separation. We 
have anticipated, therefore, that its association would inhibit transcription, and our 
early data were in accord with this (somewhat simplistic) expectation (Kohwi-
Shigematsu et al. 1997).

SATB1 comprises an unusual combination of a S/MAR-binding domain and a 
homeodomain, both of which are necessary for the recognition of the CUE. In addi-
tion, a dimerization motif is needed for BUR binding (Cai et al. 2003). This motif 
is homologous to PDZ domains, modular protein-binding structures with at least 
three distinct types of binding:

● Association with specific recognition sequences at the carboxy-termini of proteins
● Association with other PDZ domains to form heterodimers
● Homodimerization, which for SATB1 is one prerequisite for the recognition of BURs

The fact that a BUR-binding protein contains a putative PDZ domain has important 
biological implications as it is to be expected that SATB1 functions can be strengthened
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or modulated by recruiting other PDZ-containing proteins to the S/MARs. This is 
the likely mechanism by which SATB1 builds up dynamic, cage-like structures 
within the nucleus (see below).

SATB1 was among the first cell-type-restricted S/MAR binders. It is expressed 
predominantly (but not exclusively: see Wen et al. 2005) in thymocytes where it 
represents one of the few gene products that are induced early upon peripheral 
T cell activation. A biological function emerged from the phenotype of SATB1 
knockout mice, where SATB1 was found essential for orchestrating the spatial and 
temporal expression of a large number of T cell- and stage-specific genes: in the 
absence of SATB1, T cell development was severely impaired, and immature CD3-
/CD4-/CD8- triple negative thymocytes were largely reduced in number. At the 
same time, SATB1-deficient thymocytes and T-cells in lymph nodes became prone 
to apoptosis.

The comparison of SATB1 knockout and wild-type mice indicated a role for 
SATB1 in the dysregulation of about 2% of the genes (Alvarez et al. 2000), also 
evidenced by the fact that the respective S/MARs were found to be detached from 
the nuclear matrix in vivo. These observations support the hypothesis that, in their 
normal context, specific genes are actively anchored to the nuclear matrix and that 
this association enables an appropriate regulation. Together these data show that 
there are factors acting as BUR-dependent regulators of cell function. Although the 
field is still in its infancy, other proteins that are readily detected on Southwestern 
blots or that are retained on BUR affinity columns may serve related functions at 
the bases of chromatin loop domains (Galande 2002).

How do SATB1 functions relate to details of the nuclear architecture? Cai et al. 
(2003) have demonstrated a then unknown nuclear distribution, i.e. a “cage-like” 
SATB1-containing structure circumscribing heterochromatic areas. They showed 
that this cage shares properties with a nuclear matrix as it resists the conventional 
extraction steps. The localization of the SATB1 network outside heterochromatic 
regions agrees with a model in which the attachment points (BURs) in the network 
provide landing platforms for chromatin-remodeling complexes (CHRAC, NURD), 
which constantly rearrange nucleosomes to support both positive and negative tran-
scriptional actions. These pilot findings have widened our view into how a single 
protein can link the expression of hundreds of genes to nuclear organization.

4.2.2 SATB2

Dobreva et al. (2003) characterized a novel cell type-specific S/MAR-binding pro-
tein, SATB2, which is abundantly expressed in pre-B- and B-cells where it serves 
certain SATB1-like functions. SATB2 differs from its closely related thymocyte-
specific relative by sumoylation-dependent modifications. Sumoylation is a recently 
detected post-translational modification system, biochemically analogous to, but 
functionally distinct from, ubiquitinylation as it involves the covalent attachment of 
a SUMO (small ubiquitin-related modifier) sequence to substrate proteins. Mutation 
of two internal conjugation sites (lysines) clearly enhances its activation potential 



Scaffold/Matrix Attachment Regions (S/MARs) 95

in parallel to the association with endogenous S/MARs in vivo, whereas N-terminal 
fusions with SUMO decrease SATB2-mediated gene activation. Since sumoylation 
is involved in targeting SATB2 to the nuclear periphery, this may cause modulation 
of SATB2 activities.

4.2.3 BRIGHT and NF-mNR

BRIGHT (B cell regulator of IgH transcription) is yet another factor transactivating 
the intronic IgH enhancer by binding to the S/MARs as a tetramer (Kaplan et al. 
2001). BRIGHT contains regions homologous to the Drosophila SWI complex, 
suggesting that it might be involved in chromatin remodelling. A number of experiments 
suggest that the cell-type specificity of the Eµ enhancer is governed by negative reg-
ulatory mechanisms that are dominant to this and other B-cell specific transcriptional 
activators and that these actions can be ascribed to interference with nuclear matrix 
attachment. A responsible negative regulatory factor, first called NF-µNR and later 
found related to Cux/CDP, binds to multiple sites flanking IgH enhancer. Interestingly, 
the expression of NF-µNR displays a unique developmental pattern, as it is present in 
most cell lines outside of the B-cell lineage (T cells, macrophages and fibroblasts), 
but also in B-cells early in development. In contrast, it is absent from more mature 
cells that express high levels of IgH chains (Wang et al.1999).

5 Outlook and Perspectives

The term “epigenetics” was introduced in the 1940s by the British embryologist 
and geneticist Conrad Waddington as the interactions of genes with their environ-
ment, which bring the phenotype into being. Nowadays, the term refers to multiple 
modifications that influence gene activity without altering the DNA sequence. In 
the past, research has focused on transcription factors and signal transduction pathways
associated with turning genes on and off. Only in the last decade scientists have 
touched the next layer in the flow of information, the more so as there was awareness 
of an “epigenetic code” that is central to processes such as development, aging, 
cancer, mental health and infertility. Since epigenetic changes are much easier to 
reverse than mutations, drugs that remove or add the chemical tags are at the forefront
of cancer therapy.

The first epigenetic layer to be implicated in gene expression was DNA methylation.
Drugs inhibiting DNA methyltransferases, such as Vizada (5-azacytidine) and the 
related Decitabine, are now established agents in the treatment of cancer, as they 
have the potential to re-activate specific tumour suppressor genes. Probably even 
closer to the steering centre are the elaborate principles of the “histone code”, 
which determines how covalent histone modifications such as acetylation, methyla-
tion and PAR-addition modify chromatin accessibility to enable or tune gene 
expression (Hake 2004; Henikoff 2005). This code has become indispensable for 
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cancer specialists who utilize its principles to develop diagnostic tools and drugs. 
Virtually every major pharmaceutical company has meanwhile set up a program on 
histone decacetylases (HDACs) and their inhibitors that mediate chromatin opening 
by histone (hyper-)acetylation. The acquisition of Acton Pharma by Merck in 2004 
provided access to SAHA (suberoylanilide hydroxamic acid), a second-generation 
drug of this class, and is only one recent example for such a commitment.

From a chemical viewpoint, all these histone modifications change the molecular 
crowding, electrostatic environment and other push-and-pull actions that are central 
to the “tensegrity concept” (Maniotis et al. 1997) and the “unified matrix hypothesis” 
(Scherrer 1989). Awareness is increasing that, ultimately, how chromatin works 
will turn out to be a scaffolding problem. The fact that histone modifications are 
mechanistically linked to DNA methylation and nuclear organization will inevitably 
lead to the merger of fields that, for a long time, existed side by side. Molecular
mechanisms controlling gene expression include mechanical and chemical signal 
transduction pathways. In the framework of this view, it is the “tensegrity” (tensional
integrity) that couples together the mechanical functions of filamentous structures, 
providing a balance between tension and compression. It could, in fact, be shown 
that mechanical stretch imposed upon a cell induces numerous biological responses, 
including alterations in the cytoskeleton, activation of cell signalling pathways and 
upregulation of transcription factors. The “unified matrix hypothesis” explains 
these phenomena by integrating the three skeletal networks, i.e. the extracellular 
matrix (ECM), the cytoskeleton (CS) and the nuclear matrix (NM), into a global 
scaffolding system.

Regarding the nuclear scaffold/matrix, one of the seminal findings is its 
dynamic aspects: although a fixed proportion of the total nuclear matrix proteins 
(NMPs) is always present, a subset of components, among these rare transcrip-
tion factors, show variations according to the type and differentiation or transfor-
mation status of the cell. Here the structure serves to concentrate these proteins 
via NMTS signals or related principles and to deliver them to the respective 
S/MAR-associated control elements. The relevance of knowing about the identity 
of these specific NMPs became obvious when Fey and Penman (1988) documented
a striking cell type specificity based upon a modified procedure for isolating the 
nuclear matrix-intermediate filament (NM-IF) portion of the nucleus. Soon there-
after, a correlation with cancer became apparent, explaining the observation that 
very often the cancer cell nuclei are oddly shaped. Antibodies served to detect 
cancer-specific NMPs that escape into body fluids in a process that is accelerated 
by the action of cytostatica. Since the late 1980s, these processes have been 
adapted to cancer diagnosis, and a test for NMP22 could be introduced based on 
the level of this protein in the urine of patients with bladder cancer (Getzenberg 
1994). Subsequently, dedicated proteomics technologies provided access to NMP 
markers for cervical, breast, prostate and colon cancer. NMP tests of this type 
obviate any risk of infection, and they are now on the market for one sixth the 
cost of the cystoscopy-based routines.

Returning to the unified-matrix hypothesis, tumour cells from MLL rat pros-
tate cancer were investigated with respect to their NMP profile. When these cells 
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were implanted at different organ sites, they developed a novel distinct and organ-
specific NMP composition (Replogee-Schwab et al. 1996). Such dependence on 
the composition of proteins on the nuclear matrix is attributed to a tensegrity-
based signal transduction, which initiates in the extracellular matrix microenvi-
ronment and terminates within the nucleus. This review has tried to provide a 
glance into the multiple influences that modulate nuclear matrix structures and 
functions.

A related aspect, the development of “chromosome-based” vectors, evolved 
in parallel to these efforts and has been reviewed before (Lipps et al. 2003). 
This field is dedicated to using chromosomal elements, and S/MARs in particular, 
to design independent regulatory units, so-called “artificial chromatin domains”. 
After their integration, two bordering elements with insulating capacity will 
shield such a unit from the generally negative influences at the integration site 
(Bode et al. 1995; Goetze et al. 2005). An even greater challenge arose when it 
became possible to reduce the complexity of such a domain to a single S/MAR 
element and an actively transcribed gene. In the context of a circular (and 
hence supercoiled) construct, such a vector functions as a self-propagating 
(replicating) episome in the absence of any viral element. The recent demon-
stration that the performance of the system could be largely improved by delet-
ing prokaryotic vector parts is considered a breakthrough: being composed of 
only eukaryotic modules, the resulting “minicircles” successfully escape the 
defense mechanisms of the host cell and show an extended–maybe unlimited–
replication potential in the absence of selection pressure (Nehlsen et al. 2006). 
Again, it is the S/MAR that provides the link to the nuclear matrix (Jenke et al. 
2001). In this position S/MARs not only enable the use of the endogenous 
transcription factories, but they also counteract silencing. Early observations 
link these properties to the episome’s interaction with the histone acetylation 
machinery (Jenke et al. 2001).
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Vidaković M, Poznanović G, Bode J (2005b) DNA break repair: Refined rules of an already com-
plicated game. Biochem Cell Biol 83:365–373

Virág L, Szabó C (2002) The therapeutic potential of poly(ADP-Ribose)polymerase inhibitors. 
Pharm Rev 54:375–429



Scaffold/Matrix Attachment Regions (S/MARs) 103

Vispé S, Yung TM, Ritchot J, Serizawa H, Satoh MS (2000) A cellular defense pathway regulating 
transcription through poly(ADP-ribosyl)ation in response to DNA damage. Proc Natl Acad Sci 
USA 97:9886–9891

Wang Z, Goldstein A, Zong RT, Lin D, Neufeld EJ, Scheuermann RH, Tucker PW (1999) Cux/
CDP homeoprotein is a component of NF-µNR and represses the immunoglobulin heavy 
chain intronic enhancer by antagonizing the Bright transcription activator. Mol Cell Biol 
19:284–295

Wen J, Huang S, Rogers, H. Dickinson LA, Kohwi-Shigematsu T, Noguchi CT (2005) SATB1 
family protein expressed during early erythroid differentiation modifies globin gene expres-
sion. Blood 105:3330–3339

Winkelmann S, Klar M, Benham C, AK P, Goetze S, Gluch A, Bode J (2006) The positive aspects 
of stress: strain initiates domain decondensation (SIDD). Brief Funct Genomic Proteomic 
5:24–31

Winkelmann S (2007) Dynamische Aspekte der Kernarchitektur: S/MARs und ihre Rolle bei der 
Etablierung aktiver Transkriptionseinheiten. Dissertation Technische Universität Braunschweig. 
http://www.digibib.tu-bs.de/?docid=00020961

Woynarowski JM, Trevino AV, Rodriguez KA, Hardies SC, Benham CJ (2001) AT-rich islands in 
genomic DNA as a novel target for AT-specific DNA-reactive antitumor drugs. J Biol Chem 
276:40555–40566

Zastrow MS, Vlcek S, Wilson KL (2004) Proteins that bind A-type lamins: integrating isolated 
clues. J Cell Sci 117:979–987

Zbarsky IB, Debov SS (1948) On the proteins of the cell nuclei. Proc USSR Acad Sci 
62:795–798

Zeng C, He D, Brinkley BR (1994) Localization of NuMA protein isoforms in the nuclear matrix 
of mammalian cells. Cell Motil Cytoskel 29:167–176

Zeng C, van Wijnen AJ, Stein JL, Meyers S, Sun W, Shopland L, Lawrence JB, Penman S, Lian 
JB, Stein GS, Hiebert SW (1997) Identification of a nuclear matrix targeting signal in the 
leukemia and bone-related AML/CBF-alpha transcription factors. Proc Natl Acad Sci USA 
6746–6751



Clathrin/AP-2-Dependent Endocytosis: 
A Novel Playground for the Pharmacological 
Toolbox?

C. Rodemer and V. Haucke(*ü )

Abstract Endocytosis is a vital process for mammalian cells by which they 
communicate with their environment, internalize nutrients, hormones, or growth 
factors, or take up extracellular fluids and particles. The best studied among the various
pathways to ingest material from the extracellular side is clathrin/AP-2-mediated 
endocytosis. The past several years have allowed us to gain unprecedented molecular
insights into the role of the heterotetrameric AP-2 adaptor complex as a central 
protein–protein and protein–lipid interaction hub at the plasmalemma. During the 
initial stages of clathrin-coated pit formation, AP-2 interacts with phosphoinositides 
and cargo membrane proteins as well as with a variety of accessory proteins and 
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clathrin to coordinate clathrin coat polymerization with membrane deformation 
and cargo recruitment. In addition, a growing list of alternative adaptors provides 
opportunity for clathrin-dependent cargo selective pathways of internalization and 
endosomal sorting. Many of these interactions are now understood in structural 
detail and are thus amenable to pharmacological interference. In this review we will 
summarize our present state of knowledge about AP-2 and its partners in endocyto-
sis and delineate potential strategies for pharmacological manipulations.

1 Introduction

Endocytosis is a collective term summarizing a variety of different processes by which 
eukaryotic cells take up extracellular material including fluids, particles, hormones and 
growth factors, or ligand-bound receptors. In mammalian cells a variety of mechanisms 
of uptake have been described (Conner and Schmid 2003). These include pinocytosis, 
phagocytosis, as well as clathrin-dependent and -independent pathways of endocytosis. 
Pinocytosis (cell drinking) refers to the uptake of fluids by invagination of the plasma 
membrane. This is followed by the formation of vesicles in the cell soma. Phagocytosis 
(“cell eating”) is a process whereby large particles are enveloped by the plasma mem-
brane into a so-called phagocytic cup, which is then internalized to form a phagosome 
(Mukherjee et al. 1997). Clathrin-independent endocytic pathways may involve lipid 
microdomains presumably in cooperation with membrane integral scaffolding proteins, 
which have been postulated to form hairpin-loop structures in the cytosolic leaflet of 
the membrane bilayer. Prime examples are caveolar uptake of glycosphingolipids and 
flotillin-1-mediated endocytosis of cholera toxin (Glebov et al. 2006). These mem-
brane-organizing scaffolds have been the subject of excellent recent reviews (Morrow 
and Parton 2005; Bauer and Pelkmans 2006).

By far the best-characterized internalization route is clathrin- and adaptor-dependent 
endocytosis (clathrin-mediated endocytosis; CME). In this pathway transmembrane 
cargo including nutrient or signaling receptors as well as synaptic vesicle proteins 
(Galli and Haucke 2004; Schweizer and Ryan 2006) are endocytosed into clathrin-
coated vesicles (CCVs) that bud from phosphatidylinositol 4,5,-bisphosphate (PIP

2
)-

enriched sites at the plasma membrane (Krauss and Haucke 2007; Di Paolo and De 
Camilli 2006) and deliver their cargo to the endosomal system for recycling or degra-
dation. Examples include receptor-mediated uptake of transferrin, epidermal growth 
factor (EGF), or LDL. As clathrin, itself a heteromeric stable complex comprising 
three heavy and three regulatory light chains forming a triskelial structure (Kirchhausen 
2000), is unable to associate with the plasmalemma, it requires adaptor proteins that 
recruit clathrin to “endocytic hot spots” and stimulate lattice or coat assembly. 
Among these the most important adaptor is the hetetrotetrameric AP-2 complex. AP-
2 is also crucial to select cargo and to recruit accessory proteins (Robinson and 
Bonifacino 2001), some of them functioning as cargo and/or clathrin adaptors them-
selves. Thus, AP-2 and other monomeric adaptors (collectively termed clathrin-coat-
associated sorting proteins, CLASPs; Traub 2005) bridge the gap between the outer 
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clathrin shell and integral membrane cargo proteins (Lewin and Mellman 1998). 
CLASPs also aid in defining cargo-selective endocytic pathways as further discussed 
below (Lakadamyali et al. 2006; Haucke 2006). Overwhelming genetic (Mitsunari et 
al. 2005; Gonzalez-Gaitan and Jackle 1997), biochemical (Praefcke et al. 2004; 
Edeling et al. 2006b), and cell biological evidence (Motley et al. 2003; Hinrichsen et 
al. 2003; Huang et al. 2004) supports an important, if not essential role for AP-2 as a 
central protein–protein interaction hub in clathrin-mediated endocytosis in a variety 
of model systems ranging from flies to mammals.

2 Steps of Clathrin/AP-2-Mediated Endocytosis

Clathrin-mediated endocytosis can be divided into several distinct steps, including 
a coat nucleation and assembly phase, maturation of the coated pit, and fission of 
late coated pits to free vesicles. Finally, coat proteins are shed and disassembled 
in a process termed “uncoating” that is mechanistically linked to dynamin-medi-
ated scission of the vesicle neck (Newmyer et al. 2003). The clathrin coat is 
assembled at the cytoplasmic face of the plasma membrane, in part by recruitment 
of coat proteins from a cytoplasmic reserve, but perhaps also by relocalization of 
pre-existing clathrin from flat lattices. Recruitment is largely dependent on the AP-2
adaptor complex, which links clathrin to the membrane and coordinates the struc-
tural assembly of the coat with the selection of membrane cargo proteins. Many of 
these display sorting motifs, including tyrosine-based (Yxxø, with ø being a large 
hydrophobic amino acid) or acidic-cluster di-leucine motifs that are recognized 
directly by AP-2. In addition, AP-2 serves as a major interaction hub that aids in 
the organization of the endocytic network by interaction with a large set of so-called 
accessory proteins. These represent protein factors, including epsins, AP180/ 
CALM, eps15, amphiphysins, AAK1, etc., that aid in membrane deformation and 
regulation of clathrin assembly, or participate in distinct stages of coated pit 
maturation and fission, such as auxilin and synaptojanin. Many non-conventional 
adaptors implicated in cargo-selective pathways of endocytosis, such as β-arrestins,
disabled-2 (Dab2), autosomal recessive hypercholesterolemia (ARH), or stonins, 
also depend on AP-2 for recruitment to sites of vesicle formation. At synapses the 
unusually rapid exo-endocytosis of neurotransmitter-filled vesicles may involve 
membrane-associated cargo, such as synaptotagmin 1, a major component of synaptic
vesicles in the brain.

Cargo selection and coat assembly are intimately linked processes that are 
accompanied by dramatic changes in the shape of the underlying plasma membrane. 
The partitioning of hydrophobic side chains displayed in the context of an 
amphipathic helix preceding or integrated into a folded lipid-binding domain of 
accessory proteins may provide the initial driving force for membrane deforma-
tion. However, recent studies show that the clathrin scaffold is then needed to 
stabilize the curved membrane (Hinrichsen et al. 2006). As the coat matures and 
progressively invaginates, the large GTPase dynamin is recruited, mainly via 
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interactions with SH3 domain-containing proteins, such as amphiphysins, endo-
philin, and intersectin, to the coat and the emanating vesicle neck. GTP hydroly-
sis of assembled dynamin rings then appears to be the driving force for the actual 
fission reaction. Although the exact mechanism is still somewhat uncertain, it 
seems likely that the mechanochemical properties of dynamin that correlate with 
changes in the diameter of the dynamin ring-shaped polymer (Chen et al. 2004; 
Roux et al. 2006) underlie the scission of the membrane to generate free clathrin-
coated vesicles (CCVs). Dynamin-mediated fission is mechanistically linked and 
temporally coupled to coat dissociation by the chaperone hsc70 and its partner 
auxilin (Newmyer et al. 2003; Takei and Haucke 2001) and to synaptojanin-
mediated hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) (Cremona 
et al. 1999; Harris et al. 2000; Perera et al. 2006). In this review we will focus on 
the role of AP-2 as a central protein–protein and protein–lipid interaction hub in 
clathrin-mediated endocytosis. The detailed structural information on AP-2 and 
its various partners may serve to delineate strategies for pharmacological inter-
ference with clathrin/AP-2-based endocytic pathways.

3 AP-2: A Member of the AP-Complex Family

AP-2 is a member of the AP family of heterotetrameric adaptor complexes (termed 
AP 1–4). APs are found in all nucleated cells from yeast to humans and share a 
similar overall quaternary structure (Kirchhausen 1999). Two isoforms of the AP-1 
complex are components of CCVs originating from the trans-Golgi network 
(TGN)/recycling endosomal boundary. Of these, the AP-1B complex is only found 
in polarized epithelial cells where it regulates basolateral delivery of membrane 
cargo, such as the LDL receptor (Kirchhausen 1999). The AP-3 family member is 
associated mainly with endosomal membranes, and AP-4 is linked to membranes 
of the TGN (Boehm and Bonifacino 2001; Kirchhausen 1999). Whether AP-3 and 
AP-4 associate with clathrin in vivo remains uncertain, and perhaps unlikely.

AP complexes share a common architecture and subunit structure. Each complex 
contains two large subunits (γ1 and β1 for AP-1, α and β2 for AP-2, δ and β3 for AP3-, ε
and β4 for AP-4; each about 100 kD), one medium (µ1, µ2, µ3, µ4; 50 kD each), and 
one small chain (σ1, σ2, σ3, σ4; 20 kD each) (Boehm and Bonifacino 2001; 
Kirchhausen 1999; Robinson and Bonifacino 2001). Parts of the two large subunits 
together with σ and the amino-terminal domain of µ form a compact solenoid core 
that is connected via flexible hinges to the appendage or ear domains. The ears, which 
are encoded by the two large adaptin genes, represent flexible protein–protein interac-
tion platforms that bind to simple peptide motifs contained within natively unfolded 
domains of accessory endocytic factors (discussed in detail below).

The best-characterized member of the family of clathrin adaptor complexes is 
the AP-2 complex. It was also the first heterotetrameric trafficking adaptor to be 
characterized in molecular detail. Under the electron microscope, AP adaptors 
appear as a central core joined by flexible linkers to appendage or ear domains 
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(Heuser and Keen 1988). Like other adaptors, the AP-2 complex consists of two 
large subunits of 100–130 kda (α and β2), one medium chain of 50 kDa (µ2), and 
a small subunit of about 17–20 kDa (σ2) (Kirchhausen 1999). The large subunits 
form the majority of the trunk (70 kDa), as well as the appendage domains (30 kDa).
These are connected by flexible, proteolytically sensitive linkers or hinge regions. 
σ2 and µ2 are also embedded into the AP-2 core. The structures of the AP-2 core 
and the ear domains have been solved by X-ray crystallography (Fig. 1).

The AP2-core structure resembles a rectangle, where the trunk domains of α and 
β2 subunits are on the outside. These represent structurally similar, highly curved 
α-helical solenoids. The small subunit σ2 and the N-terminal µ2 domain display 
α/β folds and are nested into the “elbows” of α- and β2-adaptins, respectively. 
Thus, the AP-2 core can be considered structurally as a dimer of two related α/σ2
and β2/µ2 heteromers. In the closed, presumably inactive conformation of AP-2, 
the β2/N-µ2 heterodimer forms a shallow dish, in which the µ2-C-terminal domain 
sits (Collins et al. 2002). The folds of σ2 and N-µ2 are structurally very similar, 
suggesting that they may fulfill a stabilizing role within the AP-2 complex. The N- 
and C-terminal domains (C-µ2) of µ2 are connected with each other via a flexible 
linker (similar to the linker that connects the α and β2 appendage or ear domains 
to the core) that contains a single phosphorylation site. This site is suggested to be 
of functional importance for the activation of AP-2 during endocytic cargo recogni-
tion and coat assembly (Ricotta et al. 2002), because the C-terminal domain of µ2
harbors the binding site for YxxΘ signals within cargo membrane receptors 
(Ohno et al. 1995; Owen and Evans 1998). Comparison of the crystal structure of 
free C-µ2 complexed with Yxxø-cargo peptides and C-µ2 contained within the AP-
2 core indicates that the tyrosine binding pocket is preformed, but occluded within 
non-phosphorylated AP-2 by residues derived from β2 (Collins et al. 2002). If 
cargo proteins bearing a YxxΘ motif are to associate with C-µ2, a conformational 
change must occur. This change is presumably triggered by phosphorylation of 
Thr156, a modification that has been demonstrated to result in a dramatic increase in 
the affinity for endocytic sorting signals (Ricotta et al. 2002). Cargo recognition is 
also dependent on phosphatidylinositol 4,5-bisphosphate, which interacts with 
AP-2 via two independent sites at the amino-terminal end of α and on the surface 
of C-µ2 (Honing et al. 2005) and is further discussed below. C-µ2 (Owen and 
Evans 1998) consists of an elongated banana-shaped all β-sheet structure that can 
be considered as two β-sandwich domains (A and B). Hydrophobic pockets pro-
vided by F174 and W421 on the surface of subdomain A accommodate the Y and 
ø positions of tyrosine motif peptides, which associate with µ2 in an extended con-
formation (Owen and Evans 1998). In some cases, additional contacts by a third 
hydrophobic residue upstream of Yxxø may lead to further stabilization and 
enhanced affinity of tyrosine signals for AP-2µ (Owen et al. 2001).

The structure of the α and β2 appendage domains has also been solved (Fig. 1). 
The α-appendage can be divided into two subdomains. The N-terminal subdomain 
is a nine-stranded β-sandwich. The C-terminal subdomain is made of a five-
stranded beta sheet flanked by helices (Owen et al. 1999). The two domains are 
joined by a short linker. The β2 appendage domain (Owen and Luzio 2000) shows 
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Fig. 1 Three-dimensional structure of the AP-2 adaptor complex and schematic representation of 
select binding partners. The α subunit is shown in pink, β2 in blue, σ2 in green and µ2 in brown
(PDB:1GW5). During recognition of Yxxø-based endocytic sorting signals, AP-2 is predicted to 
undergo a conformational change such that the banana-shaped C-terminal domain of µ2
(schematically depicted in brown) undergoes a rotational movement towards the membrane for 
interaction with PIP

2
 (not shown) and cargo. Dotted lines represent the hinge regions of α and β2

subunits. Appendage domains (PDB:2G30 and PDB:1QTP) are colored identically to the corre-
sponding trunk domains. Protein–protein interactions are assigned with numbers referred to in the 
text. CD3 , γ subunit of T cell antigen CD3; TfR, transferrin receptor; EGFR, epidermal growth 
factor receptor; AMPAR, alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)-
type glutamate-receptor with segments S1 and S2, cytoplasmic domain (C), and an amino-terminal 
ligand binding domain (N); GPCR, G-protein-coupled receptor; LDLR, low-density lipoprotein 
receptor; ARH, autosomal recessive hypercholesterolemia protein; UB, ubiquitin. Yxxø, tyrosine-
based endocytic sorting signal; [DE]xxL[LI], di-leucine-based endocytic sorting signal; [KR]

n
,

basic cluster-type endocytic sorting signal
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a structure overall very similar to that of α-appendage, although the sequence iden-
tity is relatively low. The two subdomains of the β2 appendage contact each other 
at a tight interface leaving little space for motion.

Both appendage domains serve as important platforms for the recruitment of 
accessory proteins. These interactions involve short peptide motifs within natively 
unfolded domains and will be discussed in detail below (see Fig. 1 and Table 1).

4  Getting AP-2 to the Plasma Membrane: 
The Role of Phosphoinositides

Overwhelming genetic, cell biological, and biochemical evidence implicates phos-
phoinositides, specifically phosphatidylinositol 4,5-bisphosphate (PIP

2
), in clathrin-

mediated endocytosis (Di Paolo and De Camilli 2006; Krauss and Haucke 2007). 
The AP-2 complex binds to PIP

2
 and perhaps also to phosphatidyl-inositol (3,4,5)

trisphosphate (PIP
3
) (Beck and Keen 1991; Haucke 2005). PIP

3
 can be synthesized

at sites of endocytosis from PIP
2
 by a clathrin activated PI3 kinase C2α (Gaidarov 

et al. 2001) or downstream of receptor activation (Lefkowitz and Shenoy 2005). The 
α-chain of AP-2 interacts with high affinity with PIP

2
 via a positively charged site, 

including R11, N39, K43, K57, Y58, and K61 (Collins et al. 2002; Honing et al. 
2005). Mutations in the putative binding motif of the α chain lead to AP-2 mislocali-
zation (Gaidarov and Keen 1999), suggesting that this site serves as the primary 
determinant for targeting AP-2 to sites of endocytosis. Consistent with this, masking 
or depleting PIP

2
 in living cells has been shown to result in AP-2 mislocalization and 

inhibition of endocytosis (Jost et al. 1998; Krauss et al. 2003; Varnai et al. 2006).
The µ2-chain of the AP-2 complex was also found to interact with PIP

2
. The inter-

action of PIP
2
 with µ2 chain is again mediated by a number of basic residues (Lys341, 

Lys343, Lys345, Lys354, and Lys356) (Collins et al. 2002). This lysine cluster is a 
surface-exposed positively charged patch within subdomain B of the cargo recogni-
tion domain of µ2 (Owen and Evans 1998; Nesterov et al. 1999). Changing residues 
K345, K354, and K356 to glutamates reduced the µ2 affinity to PIP

2
. Mutant µ2 lack-

ing this cluster of conserved lysine residues fails to bind PI(4,5)P
2
 and to compete the 

recruitment of native clathrin/AP-2 to PI(4,5)P2-containing liposomes or to presyn-
aptic membranes (Rohde et al. 2002). Moreover, it was shown that expression of 
mutant µ2 inhibits receptor-mediated endocytosis in living cells (Rohde et al. 2002). 
However, mutating residues K341, K343, and K345 lead to fully functional µ2 fol-
lowing siRNA-mediated knockdown and rescue (Motley et al. 2006).

5 AP-2 Interactions with Cargo

One of the best understood interactions in endocytosis is the recognition of cargo 
membrane proteins bearing Yxxø-based (where x is any amino acid and ø is a bulky 
hydrophobic residue) endocytic sorting motifs within their cytoplasmic domains by 
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AP-2µ (Fig. 1, no. 5). As described in detail above, peptides with this motif fit into 
a hydrophobic pocket on the surface of subdomain A of C-µ2 (Owen et al. 1999). 
A good example is represented by the sequence 20YTRF within the cytosolic 
domain of the transferrin receptor, which functions as an autonomous and trans-
plantable signal for internalization (Traub 2003).

AP-2 has also been postulated to recognize FxNPxY motifs present in the cyto-
plasmic tail of low-density-lipoprotein (LDL) receptor family members (Boll et al. 
2002). It does not require the Yxxø binding pocket of µ2, but depends on other, 
unidentified residues. Given that specialized endocytic adaptors for FxNPxY motifs, 
such as Dab2 and ARH, have been identified, the physiological significance of this 
interaction is uncertain. Dileucine-based motifs [DE]xxxL[LI] (Bonifacino and 
Lippincott-Schwartz 2003) serve as internalization signals in many single and multi-
spanning transmembrane proteins (Bonifacino and Traub 2003). Again, conflicting 
data exist regarding the exact site of interaction within AP-2, but recent results sug-
gest that the alpha/sigma2 hemicomplex of the AP-2 core is involved. Association 
with AP-2 is dependent on LL or LI pairs preceded by acidic residues at the -4 and -5 
position with respect to the first leucine (Fig. 1, no. 4). So far, attempts to co-crystal-
lize AP-2 with [DE]xxxL[LI] peptides have failed (Collins et al. 2002).

AMPA (alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid)-type 
glutamate receptors (AMPARs) are the main class of receptors involved in rapid 
excitatory neurotransmission in the mammalian CNS (Derkach et al. 2007). AMPA 
receptors undergo constitutive and ligand-induced internalization that requires 
dynamin and the AP-2 complex. Recently, it was reported that an atypical basic 
motif within the cytoplasmic tails of AMPA-type glutamate receptors directly asso-
ciates with nanomolar affinity with µ2-adaptin. Recognition by AP-2µ involves a 
basic motif within the cytolasmic tails of AMPA receptor subunits GluR1-3, 
GABA

A
 receptors, and in the C2 domain of synaptotagmin 1 (Kastning et al. 2007) 

(Fig. 1, no. 6). Unlike constitutively internalized cargo proteins, these synaptic 
membrane proteins interact with subdomain B of C-µ2. Why such non-conventional 
endocytosis signals are used is unknown, but may be related to the fact that pre- and 
postsynaptic membrane proteins must undergo sorting to a specific endosomal 
subpopulation (Lee et al. 2004) that may be capable of segregating synaptic from 
constitutively internalized proteins. This is similar to what has been reported 
recently for other ligand-activated receptors (Lakadamyali et al. 2006).

6 AP-2 as a Recruiter of Clathrin

Clathrin plays a key role in endocytosis by functioning as a molecular scaffold that 
drives formation of transport vesicles, in part by stabilizing curved membrane domains 
(Hinrichsen et al. 2006). In solution clathrin forms a stable heterohexameric complex 
consisting of three heavy and three light chains organized into a three-legged “triskelion.” 
The triskelia are thought to multimerize into polyhedral cages that provide the 
mechanical force to form vesicles from a membrane. Although purified clathrin can 
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self-assemble into cages, its recruitment to membranes and assembly in vivo is 
regulated by a number of clathrin-binding proteins including AP-2 well as a variety of 
AP-2-associated accessory factors, such as amphiphysin, epsins, AP180/CALM, etc.

Interactions with clathrin are generally accomplished through simple linear 
arrangements of peptide motifs harboring hydrophobic and usually acidic residues 
(Dell’Angelica 2001) within natively unfolded domains. Analysis of clathrin-binding 
motifs in a variety of endocytic proteins has uncovered two classes of motifs: type-I 
and type-II clathrin boxes. Type-I motifs conform to the consensus sequence LΘxΘ
(with Θ representing a bulky hydrophobic residue); type-II motifs are represented 
by the motif LΘDLL. Both types of motifs interact with the N-terminal β-propeller 
domain of the clathrin heavy chain and promote clathrin cage assembly in vitro and 
presumably also in vivo (Maldonado-Baez and Wendland 2006).

Recent studies have revealed that AP-2 in addition to the known type-I clathrin 
box within the hinge domain of its β2 subunit (i.e., LLNLD) harbors a second 
clathrin binding site within the β2 appendage domain (Edeling et al. 2006a). 
Mutations in this site reduced AP-2 binding to clathrin, suggesting that both sites 
need to cooperate for stable association with clathrin. The relative importance of 
AP-2 as opposed to other endocytic proteins in getting clathrin to membranes is 
somewhat uncertain. RNAi-mediated knockdown of AP-2 leads to a strong reduc-
tion of clathrin-coated pits at the plasma membrane, suggesting that AP-2 may be 
a key factor in clathrin recruitment (Hinrichsen et al. 2003; Motley et al. 2003).

7  Binding of Accessory Endocytic Proteins to AP-2 Appendage 
Domains

7.1 Interaction Sites Within the a-Appendage Domain

The α-appendage domain serves as a major interaction hub for various accessory 
proteins. The platform subdomain can bind to eps15, epsins, and Dab2 via DP[FW] 
motifs. It also interacts with amphiphysin, AP180, and synaptojanin 1-SJ170 via 
FxDxF sequences that bind to an overlapping site within the platform subdomain. The 
sandwich subdomain of α-ears bears associates with synaptojanin1 (Jha et al. 2004), 
stonin2 (Walther et al. 2004), AAK1 and NECAP1/2 (Ritter et al. 2003) by association 
with WXX[FW]x[DE] consensus motifs (Table 1) (Praefcke et al. 2004).

7.2 Interaction Sites Within the a 2-Appendage Domain

The β2 appendage domain binds to a subset of proteins that also interact with the α-append-
age domain, such as AP180/ CALM, epsins, Dab2, and eps15. The latter harbors 
DP[FW] motifs that target the platform subdomain of AP-2β-appendages. Eps 15 and 
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its close cousin eps15R, in addition, are capable of binding to the β2 sandwich using 
a non-conventional [FL]xxGFxDF or [FL](x)

n
GFxDF (n>3) peptide sequence.

The cargo-specific adaptors ARH and β - arrestins (see also below) associate 
with the platform subdomain of β2-appendages via a helical motif with the consen-
sus [ED]xxFxx[FL]xxxR (Table 1) (Edeling et al. 2006a; Praefcke et al. 2004).

8  AP-2-Binding Accessory Proteins Defining 
Cargo-Selective Pathways

Although the role of AP-2 as an important protein–protein and protein–lipid interac-
tion is undisputed, a simplistic model according to which all cargo is sorted via 
physical association with AP-2 seems unlikely. Instead, several AP-2 binding acces-
sory proteins function as clathrin-associated sorting proteins (CLASPs), alternate 
adaptors for cargo-specific routes of internalization (Haucke 2006). For instance, 
heptahelical G-protein coupled receptors (GPCRs) following ligand binding and 
activation associate with β-arrestins, atypical adaptors that rapidly translocate to 
phosphorylated GPCRs and promote their internalization via clathrin/ AP-2-dependent 
endocytosis (Ahn et al. 2003). Upon engagement of activated GPCRs, conformational
changes within β-arrestin lead to its association with clathrin and AP-2β via mecha-
nisms described above (Fig. 1, no. 3). Thus, the task of facilitating internalization of 
the largest family of receptors known is not left to AP-2, but is in fact assigned to 
β-arrestins as dedicated monomeric sorting adaptors. Recent data suggest that 
β-arrestin-bound GPCRs via PDZ-mediated linkage to the actin cytoskeleton are 
sorted into a distinct subset of clathrin-coated pits characterized by delayed 
dynamin-mediated fission (Puthenveedu and von Zastrow 2006).

Other AP-2 appendage domain-associated proteins that function as CLASPs for 
specific cargo are ARHs (autosomal recessive hypercholesterolemias), an adaptor 
targeting hepatic LDL receptors for internalization via recognition of its FxNPxY 
motif. ARH deficiency is genetically associated with early onset hypercholestero-
lemia in mice and men (Jones et al. 2007). A similar function is fulfilled by the DPF 
motif-containing CLASP disabled-2 (Dab2) in HeLa cells.

In neurons, clathrin/AP-2-mediated endocytosis plays an important, if not essential 
role in the recycling of small synaptic vesicles (SVs) (Takamori et al. 2006) to sustain 
continued neurotransmitter release. During exocytosis SV proteins become incorpo-
rated into the presynaptic plasma membrane from where they need to be sorted directly 
into a subset of clathrin-coated vesicles dedicated to SV biogenesis (Maycox et al. 
1992). The calcium-sensing protein synaptotagmin 1 appears to function in coupling 
the exo- and endocytic limbs of the SV cycle, at least in part by interacting with AP-2µ
(discussed above) and the monomeric CLASP stonin 2/stoned B (Fig. 1, no. 2). In the 
mammalian brain stonin 2 is closely associated with AP-2 via α-appendage domain 
binding Wxx[F/W]ac motifs (Fig. 1, no. 8) and with the endocytic accessory proteins 
eps15 and intersectin (Walther et al. 2004; Martina et al. 2001). Stonin2 targets synap-
totagmin 1 and perhaps other associated SV proteins to the recycling vesicle pool and 
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thereby serves as a CLASP specifically involved in SV endocytosis (Diril et al. 2006). 
Similar observations have been made for its ortholog stoned B in Drosophila mela-
nogaster (Fergestad and Broadie 2001; Stimson et al. 2001).

In recent years, it has become clear that covalent modification of cargo by 
mono- or multi-ubiquitination, usually following ligand-induced receptor activa-
tion and perhaps phosphorylation, can also function as an endocytosis signal. As 
with the examples described above, ubiquitinated cargo is not recognized by AP-2 
directly, but instead associates with ubiquitin-binding accessory proteins including 
the UIM (ubiquitin-interacting motif)-containing factors eps15 and epsin. Examples 
of cargo undergoing regulated ubiquitination and clathrin-dependent internalization 
include the EGF and growth hormone receptors, epithelial sodium channels 
(ENaC), and Notch (Stang et al. 2004; Gupta-Rossi et al. 2004; Wang et al. 2006). 
Other accessory factors may also function in cargo-selective clathrin-dependent 
internalization pathways. These include HIP1/1R, dishevelled (Dvl), and numb.

9  Pharmacological Inhibition of Clathrin/AP-2-Mediated 
Endocytosis

In spite of the extensive knowledge about clathrin/AP-2-mediated endocytosis and the 
mechanics of the underlying protein–protein interaction network, the development of 
pharmacological tools to interfere with this process is still in its infancy. Most inhibi-
tors known to interfere with the clathrin pathway are ill characterized and non-specific, 
and thus display other negative side effects on cells. These are summarized below.

9.1 Inhibition by Cytosolic Acidification

Acidification of the cytosol to a pH below 6.5 strongly reduces the endocytic uptake of 
transferrin or EGF. However, the number of binding sites for transferrin is not reduced, 
nor is the number of coated pits. The apparent molecular reason for the observed inhibi-
tion of internalization is that coated vesicles are unable to pinch off from the plasma 
membrane, although they are assembled correctly (Heuser 1989; Sandvig et al. 1987). 
Thus, cytosolic acidification prevents endocytosis by paralyzing clathrin lattices that 
remain attached to the plasma membrane. Under these conditions, adaptors including 
AP-2 remain aggregated at the plasma membrane and associated with receptors (Sorkin 
and Carpenter 1993; Hansen et al. 1993). Negative side effects of cytosol acidification 
on cell physiology are to be expected, but have not been investigated in detail.

9.2 K+ Depletion

Fibroblasts incubated in potassium-free medium lose about 80% of their intracellular 
potassium within 10 min and show disrupted clathrin-coated pits. When the K+ level 
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reaches a critical threshold of 40% below normal, the number of coated pits declines by 
more than 80%, and the rate of endocytosis is decreased by 70 –95%, despite normal 
receptor binding. However, the morphology of cells changes rapidly, suggesting that 
other important cellular functions may be affected (Altankov and Grinnell 1993; Larkin 
et al. 1983). Why K+ depletion affects endocytosis is unknown. Also, it is unclear to 
which extent other clathrin-independent internalization pathways are affected.

9.3 Chlorpromazine

Chlorpromazine is a cationic amphiphilic drug that prevents recycling of receptors 
for transferrin, LDL, and EGF (Wang et al. 1993). Chlorpromazine and related 
drugs decrease the amount of clathrin-coated pits on the cell surface. They also 
cause coated pits to assemble on endosomes and relocation of the AP-2 complex 
from the plasma membrane to the cytoplasm and to cytoplasmic vesicles of 
unknown origin or identity. As with other endocytosis inhibitors, the effects appear 
to be reversible. Given that cationic amphiphilic drugs affect the activity of many 
different enzymes like phosphatadic acid phosphorylase, protein kinase C, or Ca+/
calmodulin-dependent enzymes (Wang et al. 1993), inhibition of clathrin-mediated 
endocytosis will almost certainly be accompanied by perturbation of other meta-
bolic pathways.

9.4 High Sucrose

When fibroblasts are incubated in hypertonic media containing high levels of sucrose 
(0.45  M), normal clathrin lattices largely disappear. Instead, microcages, unusual 
polymers that are sharply curved and devoid of membrane, accumulate. Concomitantly, 
LDL receptors are dispersed all over the cell surface. However, when returning to 
normal medium at 37°C, the changes are reversed within 10  min (Heuser and 
Anderson 1989). How such treatments affect cell physiology again is unknown.

9.5 Dynasore

Recent advances in large-scale screening approaches have led to the identification 
and characterization of the first chemical inhibitor of the large GTPase dynamin, an 
essential factor in fission of clathrin/AP-2-coated vesicles (Macia et al. 2006). 
Dynasore selectively and dose-dependently inhibits the GTPase activity of 
dynamins 1 and 2, and at higher doses presumably other dynamin family members. 
Dynasore-mediated blockade of clathrin-coated vesicle fission takes place within 
seconds and results in the accumulation of U-shaped, half-formed pits, as well as 
O-shaped intermediates stalled at the fission stage.
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Based on its mechanism of action, dynasore acts as an inhibitor of all endocytic 
pathways known to be dependent on dynamin-mediated fission. These include, besides 
clathrin/AP-2-mediated endocytosis, fission of TGN-derived vesicles (McNiven 
1998), caveolar endocytosis (Henley et al. 1998), podosome (Ochoa et al. 2000) and 
centrosome function (Thompson et al. 2004), and cell migration (Macia et al. 2006).

10 Perspective

The structural era of endocytosis that we have witnessed for the past decade or so 
has provided us with a detailed molecular framework of the mechanics of cargo 
selection, membrane deformation, and vesicle fission in the clathrin/AP-2 pathway. 
We have detailed knowledge of the elaborate network of protein–protein and pro-
tein–lipid interactions within the endocytic mesh. AP-2, clathrin, and phosphoi-
nositides appear to correspond to central hubs in the organization of the endocytic 
network. Based on the detailed biochemical and structural knowledge, we now 
seem to be in a position to use this information for the design of chemical 
approaches to rapidly and selectively interfere with clathrin/ AP-2 function in gen-
eral or with cargo-selective pathways of internalization.

Automated screening paired with sensitive fluorescence-based functional assays in 
living cells and in vivo may pave the way to identify compounds that selectively target 
interaction hubs or specific interaction sites within a hub protein. We know now that 
intracellular signaling events are interrelated with receptor endocytosis. Moreover, 
gradients of morphogens are generated by fine-tuning of clathrin/AP-2-mediated 
endocytic events in complex cellular systems or developing polarized tissues (Berdnik 
et al. 2002; Dudu et al. 2004). The availability of selective pharmacological inhibitors 
targeting hubs within the endocytic network may provide important tools to acutely 
interfere with clathrin/AP-2-dependent endocytic mechanisms.

Perhaps, as importantly, the functional and molecular characterization of endocytic 
AP-2-binding accessory proteins as cargo-selective adaptors identifies these as poten-
tial targets for the design of selective inhibitors targeting subsets of clathrin-coated 
vesicles without perturbing endocytic mechanisms in general. If paired with powerful 
genetics including RNA interference-mediated knockdown of endocytic proteins, we 
are also in a position to ascertain that the pharmacological tools identified exhibit spe-
cific effects without affecting other cell physiological functions.
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Abstract cAMP is an ubiquitous second messenger that is crucial to many cellular 
processes. The sole means of terminating the cAMP signal is degradation by cAMP 
phosphodiesterases (PDEs). The PDE4 family is of particular interest because 
PDE4 inhibitors have therapeutic potential for the treatment of various inflammatory
and auto-immune diseases and also have anti-depressant and memory-enhancing 
effects. The subcellular targeting of PDE4 isoforms is fundamental to the compart-
mentalization of cAMP signaling pathways and is largely achieved via protein–
protein interactions. Increased knowledge of these protein–protein interactions and 
their regulatory properties could aid in the design of novel isoform-specific inhibitors
with improved efficacy and fewer prohibitive side effects.
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1 Introduction

Cyclic adenosine 3′, 5′-monophosphate (cAMP) is an ubiquitous second messenger 
used in all cells to control key processes including metabolism, cytoskeletal func-
tion, gene expression, proliferation and the cell cycle (Beavo and Brunton 2002; 
Tasken and Aandahl 2004; Wong and Scott, 2004; Baillie and Houslay 2005; 
Dumaz and Marais 2005; Taylor et al. 2005; Bos, 2006). cAMP is generated from 
ATP by the action of adenylyl cyclases at the plasma membrane (Cooper 2003). 
These adenylyl cyclases are primarily activated via the stimulation of transmem-
brane G-protein coupled receptors (GPCRs), which, upon agonist stimulation, cou-
ple to stimulatory G-protein, Gs, to activate adenylyl cyclase and produce cAMP 
(Pierce et al. 2002; Hill 2006). Increased levels of cAMP are translated into cellular 
responses by cAMP effectors, the best known of which is protein kinase A (PKA) 
(Wong and Scott, 2004; Taylor et al. 2005) but which also include EPACs (exchange 
proteins activated by cAMP) and cAMP-gated ion channels (CNGCs) (Karpen and 
Rich 2001; DiPilato et al. 2004; Kooistra et al. 2005; Li et al. 2006; Bos, 2006). 
These three effectors of cAMP mediate a myriad of cAMP signaling pathways in 
many cells and tissues (Baillie and Houslay 2005) (Fig. 1).

Fig. 1 Compartmentalization of the cAMP signaling pathway. Specific Gs-protein-coupled 
receptors are activated by binding of agonist; this allows the production of cAMP at specific 
regions of the plasma membrane by appropriately localized adenylyl cyclases. Propagation of the 
cAMP signal is then shaped by the action of differentially targeted PDEs. This compartmentalized 
system allows the differential activation of spatially distinct pools of cAMP effectors, such as 
AKAP-tethered PKA, EPAC or CGNCs
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The concept of cAMP signaling compartmentalization (compartmentation) was 
first introduced in 1981 by Brunton et al. In this pioneering work, they demon-
strated that the cAMP generated by stimulation of different Gs-coupled receptors 
in cardiac myocytes led to differential activation of the type-I and type-II isoforms 
of PKA. This groundbreaking work has led to a wide body of evidence for the spa-
tial and temporal control of cAMP signaling pathways (Houslay and Adams 2003; 
Baillie and Houslay 2005; Cooper 2005; Cooper and Crossthwaite 2006). A number 
of studies have now demonstrated the presence of cAMP microdomains in cardiac 
myocytes (Zaccolo and Pozzan 2002; Brunton 2003; Vandecasteele et al. 2006) and 
other cell types (Karpen and Rich 2001; Cooper 2003), and it is now well recognized 
that cAMP signaling responses are compartmentalized (Houslay and Adams 2003; 
Baillie and Houslay 2005; Cooper 2005). The recent advances in the development 
of fluorescence resonance energy transfer (FRET) probes based on either PKA or 
EPAC and fluorescent CNGC probes have consolidated this hypothesis by allowing 
the visualization of these spatial and temporal gradients of cAMP in living cells 
(Zhang et al. 2001; Zaccolo and Pozzan 2002; Bos 2003; Nikolaev et al. 2004; 
Cooper 2005).

The extent of the complexity of the molecular mechanisms that exist in order for 
the cell to be able to compartmentalize cAMP signals is only now becoming under-
stood. The formation of cAMP gradients is partially achieved through the restricted 
localization of the GPCRs and adenylyl cyclases that generate cAMP to specific 
regions of the plasma membrane. The activation of distinct adenylyl cyclases by spe-
cific Gs-coupled receptors is suggested to generate spatially segregated “clouds” of 
cAMP from different plasma membrane locales (Houslay and Milligan 1997; Cooper 
2003). Once cAMP is generated, the sole means of its degradation to 5¢ AMP to ter-
minate the signal is through the action of cAMP phosphodiesterases (PDEs). A large 
family of cAMP-specific PDEs have been shown to be differentially targeted to dis-
tinct subcellular compartments in a cell-type-specific manner and are therefore in a 
position to play a pivotal role in shaping cAMP gradients (Houslay and Adams 2003). 
This non-uniform distribution of adenylyl cyclases and PDEs allows cAMP gradients 
to form within the 3-D matrix of the cell, whereby the cAMP concentration is highest 
nearest the membrane and least in areas that contain the highest levels of PDEs. Thus, 
the activation of certain GPCRs can increase the cAMP levels within discrete com-
partments in the cell and cause unique physiological responses (Hayes and Brunton 
1982). Compartmentalization allows spatially distinct pools of cAMP effectors to be 
differentially activated. A further contributory mechanism to this is the tethering of 
various PKA isoforms to specific intracellular sites by their interaction with AKAPs 
(A-kinase anchoring proteins) (Colledge and Scott 1999). The ability of PKA to be 
activated by gradients of cAMP will therefore depend on the cell-type-specific 
expression and distribution of AKAPs. In addition to anchoring PKA isoenzymes, 
AKAPs are also shown to be able to assemble multi-protein signaling complexes that 
include other proteins such as PDEs, PKC and protein phosphatases (Baillie et al. 
2005; Higashida et al. 2005). In this way, AKAPs and PDEs facilitate signal 
transduction, signal termination and crosstalk with other signaling pathways and so 
organize cAMP signaling in both space and time.
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PDEs exist as a superfamily of enzymes with the ability to hydrolyze the cyclic 
nucleotides cAMP and cGMP into their 5¢ monophosphate derivatives (Houslay 
and Milligan 1997; Beavo and Brunton 2002; Lugnier 2006). They have attracted 
attention as therapeutic targets with PDE inhibitors appearing to have a potentially 
broad application in treating various diseases including asthma, chronic obstructive 
pulmonary disease (COPD), heart failure, atherosclerotic peripheral arterial disease 
and neurological disorders (Huang et al. 2001; O’Donnell and Zhang 2004; 
Houslay et al. 2005; Boswell-Smith et al. 2006; Fan Chung 2006; Stehlik and 
Movsesian 2006; Ravipati et al. 2007). The best-known example of therapeutic use 
for a PDE inhibitor is the inhibition of PDE5 by sildenafil (Viagra™) for the treat-
ment of erectile dysfunction (Carson and Lue 2005). The PDE4 family is of particu-
lar interest as it has been shown to have links with asthma, COPD, depression and 
cognition (Barnette and Underwood 2000; Giembycz 2000; Souness et al. 2000; 
Ghavami et al. 2006). PDE4 inhibitors have proven therapeutic effects in these 
areas; however their usefulness has been marred by unwanted side-effects such as 
nausea and vomiting (Barnette 1999; Robichaud et al. 1999). PDE4 is also one of 
the most extensively studied PDE families, and much is now known about its regu-
lation and targeting via protein–protein interactions. This review will focus on 
these interactions and explore the possibility of exploiting the wealth of knowledge 
on PDE4 targeting by designing new molecules that can disrupt specific interac-
tions for therapeutic benefit.

2 PDE4

PDE4 is a cAMP-specific member of the cyclic nucleotide PDE superfamily, which 
consists of 11 different family members classified on the basis of their sequence 
identities, substrate specificities, allosteric regulatory characteristics and pharma-
cological properties (Bolger 1994; Conti and Beavo, 2007; Houslay 1998, 2001, 
2005, 2006; Conti and Jin 1999; Conti et al. 2003; Houslay and Adams 2003; 
Houslay et al. 2005). Eight PDE families generate over 30 different isoforms that 
are able to hydrolyze cAMP, achieved by a combination of multiple genes and 
alternate splicing. The existence of multiple PDE isoforms with the same catalytic 
action implies that such diversity must be of functional importance. This is exem-
plified by the PDE4 family where a plethora of isoforms have been shown to be 
differentially involved in intracellular targeting or crosstalk with other signaling 
pathways. Evidence from RNA silencing, transgenic knockouts in mice, selective 
inhibitors and dominant negative approaches have further confirmed the lack of 
redundancy between PDE4 isoforms (Ariga et al. 2004; Jin et al. 2005; Lynch et al. 
2005; McCahill et al. 2005; Xiang et al. 2005; Lugnier 2006).

The mammalian PDE4 is a homologue of the Drosophila dunce gene – so called 
as mutations in this gene give rise to flies with memory and learning defects (Davis 
et al. 1995). PDE4s have also been linked to memory and cognition by virtue of the 
memory-enhancing effects of PDE4 inhibitors. The archetypal PDE4 inhibitor is a 
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compound named rolipram, and PDE4s are, in part, classified on their ability to be 
inhibited by this drug, although the product of the Drosophila dunce gene is insen-
sitive to inhibition by rolipram, despite being a PDE4 species. As well as cognition 
effects, rolipram and other drugs of this class are also involved in regulating inflam-
mation. Indeed, the potent anti-inflammatory effects of PDE4 inhibitors have made 
them of great interest to drug companies for development of novel therapies for 
disease states such as COPD, asthma and rheumatoid arthritis (Houslay et al. 2005). 
More recently, PDE4 variants have been linked with ischemic stroke (Gretarsdottir 
et al. 2003; Meschia et al. 2005) and schizophrenia (Millar et al. 2005), which has 
only served to increase the interest in PDE4 as a therapeutic target.

2.1 Structure of PDE4

The mammalian PDE4 family comprises around 20 different isoforms encoded by 
four genes, PDE4A, PDE4B, PDE4C and PDE4D (Conti et al. 2003; Houslay and 
Adams 2003; Houslay et al. 2005) (Fig. 2). Each gene is large and complex, spanning 
around 50 kb and having around 20 exons, which gives rise to multiple isoforms by 
alternative mRNA splicing (Monaco et al. 1994; Bolger et al. 1997). Each isoform has 
a modular structure consisting of an isoform-specific N-terminal region, all or part of 

Fig. 2 The PDE4 enzyme family. Schematic diagram of the gene organization of the four PDE4 
sub-families showing the exons that encode the core UCR1/2 and catalytic regions, the exons that 
encode the long form 5′ unique regions and the positions of other unique exons. Also shown are 
the four isoform subcategories based upon presence or absence of UCR1/2 regions and generated 
by alternative mRNA splicing
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two regulatory sequences termed upstream conserved region 1 (UCR1) and UCR2, a 
highly conserved catalytic domain and a sub-family-specific C-terminal region 
(Bolger et al. 1993) (Fig. 2). The unique N-terminal region is generally encoded by a 
single exon, except for the first or most 5′ isoform of each gene, which seems to be 
encoded by two or more 5′ exons (Sullivan et al. 1999; Rena et al. 2001; D’Sa et al. 
2002; Wang et al. 2003), and which is immediately downstream of the promoter that 
drives its expression (Rena et al. 2001; Wallace et al. 2005). This unique N-terminal 
region characterizes each isoform and confers the ability to interact with specific bind-
ing partners and thus be targeted to distinct intracellular regions (see Sects. 2.4 and 
2.5). UCR1 and UCR2 are each encoded by three separate exons and are highly con-
served between the four PDE4 sub-families (Bolger 1994). These regulatory regions 
are unique to isoforms of the PDE4 family, and their presence, in conjunction with 
susceptibility to rolipram inhibition, distinguishes PDE4s from all other classes of 
PDE. The various PDE4 isoforms can be further categorized into four groups, namely 
the long PDE4 forms that contain both UCR1 and UCR2, the short forms that lack 
UCR1, but have an intact UCR2, the super-short forms that not only lack UCR1, but 
have an N-terminally truncated UCR2 (Houslay 2001), and the “dead-short” isoforms 
that are both N- and C-terminally truncated so as to be catalytically inactive (Johnston 
et al. 2004; Houslay et al. 2007). UCR1 and UCR2 function as a regulatory domain 
that controls the catalytic unit and confers regulatory functions on PDE4 by orchestrat-
ing the functional outcome of phosphorylation by PKA and ERK (Houslay and Adams 
2003). UCR2 is joined to UCR1 by linker region 1 (LR1) and to the catalytic region 
by LR2. These short linker regions vary greatly between PDE4 sub-families for rea-
sons that are not understood at present. The catalytic unit is encoded by six exons and, 
as might be expected, is highly conserved between members of the PDE4 family. 
Solving of the crystal structure of PDE4B2 catalytic unit revealed that it comprises 
three sub-domains formed by 17 α-helices (Xu et al. 2000; Ke and Wang 2007). The 
cAMP-binding active site is created as these three sub-domains come together to form 
a deep pocket containing two metal ions essential for catalytic activity and lined with 
hydrophobic and negatively charged residues, The structure, proposed catalytic mech-
anism and conformational changes of the catalytic unit have been discussed in detail 
elsewhere (Houslay and Adams 2003; Houslay et al. 2005).

The final exon encodes part of the catalytic unit together with the sub-family-
specific C-terminal region, which is of unknown function, but which has been used 
advantageously to generate sub-family-specific antisera (Houslay et al. 1998).

2.2 Regulation of PDE4

PDE4 activity appears to be regulated at a number of levels, including post-translationally 
by multi-site phosphorylation (Lim et al. 1999; MacKenzie et al. 2000; MacKenzie 
et al. 2002), at the transcriptional level (Vicini and Conti 1997; Rena et al. 2001; 
Wallace et al. 2005) and through regulation of mRNA stability (Liu et al. 2000). Central 
to coordinating the functional output of regulation by phosphorylation are the UCR1 
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and UCR2 domains. These interact to, presumably, alter the conformation of the cata-
lytic unit and mediate the consequences of phosphorylation by PKA and ERK (Houslay 
2001). Their role in regulation of enzymatic activity first came to light when truncation 
studies revealed that removal of UCR2 led to an increase in catalytic activity (Jin et al. 
1992; Lim et al. 1999). The constitutive inhibitory effect of UCR2 on PDE activity can 
be relieved by PKA phosphorylation at a site in the N-terminal region of UCR1 (Sette 
and Conti 1996; Hoffmann et al. 1998; MacKenzie et al. 2002). This site is present in 
all long PDE4 isoforms, but absent in short forms, giving insight into the importance of 
alternative splice variants (MacKenzie et al. 2002). The phosphorylation of UCR1 by 
PKA has also been shown to disrupt its intramolecular interaction with UCR2 (Beard 
et al. 2000). Interaction between UCR1 and UCR2 has been demonstrated by a variety 
of methods and is thought to occur via electrostatic interactions between the hydropho-
bic C-terminal portion of UCR1 and the hydrophilic N-terminal region of UCR2 (Beard 
et al. 2000). That PKA phosphorylation can activate all long PDE4 isoforms accounts 
for the early observation that elevation of intracellular cAMP leads to increased PDE4 
activity (Marchmont and Houslay 1980) and also provides a feedback mechanism to 
reset the cellular cAMP levels after stimulation. PKA phosphorylation of UCR1 is 
thought to cause a conformational change, which activates PDE4 long forms by attenu-
ating the interaction of UCR1 with UCR2 (Beard et al., 2000). In PDE4D3, the PKA 
target residue is serine 54 (S54), and mutation of this residue to a negatively charged 
aspartate or glutamate residue can mimic PKA activation (Hoffmann et al. 1998). 
Mutation of the conserved neighboring glutamate residue (E53) also mimics PKA acti-
vation, leading to the hypothesis that this negatively charged residue is required for an 
ion pair interaction, which holds the enzyme in a low activity state. Disruption of this 
ion pair interaction by E53 mutation or PKA phosphorylation of S54 shifts the PDE to 
an active conformation. The increase in the activity of PDE4 long forms observed on 
addition of the negatively charged phospholipid, phosphatidic acid (PA) is thought to 
work via the same mechanism (Nemoz et al. 1997). In PDE4D3 alone, the PKA phos-
phorylation of S54 also leads to an increase in sensitivity to rolipram inhibition (Alvarez 
et al. 1995; Hoffmann et al. 1998). Mutations in S54 and E53 lead to a range of effects 
on PKA activation and rolipram inhibition, showing that small changes in configuration 
or charge of UCR1 can lead to measurable activity changes via conformational changes 
to the catalytic unit (Hoffmann et al. 1998).

On the basis of studies done with PDE4D3, it has recently been proposed that a fur-
ther means by which the UCR1 and UCR2 regions can regulate PDE4 enzymes is by 
mediating PDE4 homo-dimerization. Long forms of PDE4 have been proposed to 
exist as dimers within cells, while short forms have been proposed to exist as mono-
mers, again highlighting the differential regulation of short and long forms. Deletion 
analysis indicated that dimerization requires the C-terminal half of UCR1 and the 
N-terminal half of UCR2, but does not involve the same charged residues reported to 
mediate the intramolecular interaction (Richter and Conti 2002). Mutations that pre-
vent the dimerization of  PDE4D3 also ablated its activation by PKA or PA, demon-
strating the significance of dimerization for enzyme regulation (Richter and Conti 
2004). Mutations that abolished PDE4D3 dimerization also reduced the sensitivity of 
this isoform to rolipram inhibition.
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PDE4s are generally accepted to exist in a number of different states that have 
different affinities for the inhibitor, rolipram (Souness and Rao 1997). It now 
appears that dimerization via UCR1 and UCR2 may be involved in the generation 
and stabilization of certain of these different rolipram binding conformers (Bolger 
et al. 2007; Richter and Conti 2004). Other means of generating such conformers 
include protein–protein interactions, where changes in rolipram affinity have been 
seen with RACK1 binding to PDE4D5 (Yarwood et al. 1999), and SH3-domain-
containing proteins with PDE4A4 (McPhee et al. 1999).

In addition to PKA phosphorylation, PDE4s can also be regulated via phosphor-
ylation by the MAP kinase, ERK (Hoffmann et al. 1999; MacKenzie et al. 2000; 
Baillie et al. 2001; Hill et al. 2006). All PDE4 subfamilies, except for PDE4A, contain 
a single ERK consensus motif (P-X-S-P) within the third subdomain of their catalytic 
unit. This serine residue is subject to phosphorylation by ERK both in vitro and in 
vivo. In order to phosphorylate PDE4 isoforms, ERK must bind to the PDE4 via two 
docking sites (see Sect. 2.5.8), which flank the phosphorylation site (MacKenzie et 
al. 2000). The functional consequences of ERK phosphorylation are dependent on the 
presence of UCR1 and UCR2, such that long forms are profoundly inhibited, short 
forms are activated, and super-short forms are weakly inhibited (Hoffmann et al. 
1999; MacKenzie et al. 2000). However, ERK inhibition of long isoforms can be 
negated by PKA phosphorylation (Hoffmann et al. 1999) and switched to activation 
by additional phosphorylation of a site within the catalytic unit through activation of 
reactive oxygen (ROS) signalling cascades (Hill et al. 2006). The complement of long 
or short isoforms generated by alternative RNA splicing will therefore determine cel-
lular response to crosstalk between cAMP signaling and the ERK pathway. The 
importance of this is emphasized in U937 cells as they undergo remodeling of their 
PDE4 profile upon differentiation from a monocyte-like to macrophage-like pheno-
type. In monocytic U937 cells, long PDE4D isoforms predominate, so activation of 
ERK has an overall inhibitory effect, but upon differentiation to macrophages, the 
short form PDE4B2 is up-regulated to become predominant, and so activation of 
ERK elicits an overall increase in PDE4 activity (Shepherd et al. 2004). In the case 
of PDE4 long forms, a novel feedback system is in operation, whereby the inhibition 
induced by ERK phosphorylation causes a localized increase in cAMP levels, which 
activates PKA that, in turn, phosphorylates UCR1 to activate the enzyme and abolish 
ERK inhibition. Long forms of PDE4B, PDE4C and PDE4D can therefore affect a 
transient programmed rise in cAMP levels in response to activation of the ERK path-
way (Hoffmann et al. 1999; Houslay and Kolch 2000).

Regulation of PDE4 also occurs at the level of transcription and translation (Conti 
2002). As discussed above, the cell-type-specific expression pattern of different PDE4 
isoforms is of crucial importance in determining response to their phosphorylation by 
PKA and ERK; however, the mechanisms behind this differential expression are only 
beginning to be elucidated. As would be expected for such large and complex genes, 
multiple mechanisms of regulation appear to be in operation. Intronic promoters have 
been identified for a number of specific PDE4 isoforms (Vicini and Conti 1997; Olsen 
and Bolger 2000; Rena et al. 2001; Le Jeune et al. 2002; Wallace et al. 2005). The 
presence of multiple promoters allows different combinations of long and short 
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 isoforms to be expressed as required. Expression of a number of PDE4 isoforms was 
observed to be sensitive to cAMP, such that chronic stimulation with the adenylyl 
cyclase activator forskolin, or cAMP analogues, results in their up-regulation 
(Swinnen et al. 1991; Vicini and Conti 1997; Seybold et al. 1998; Le Jeune et al. 
2002). This effect is now known to be mediated by cAMP response elements (CREs) 
in the promoter regions of PDE genes (D’Sa et al. 2002; Le Jeune et al. 2002). After 
phosphorylation by PKA, the transcription factor, CREB (CRE binding protein), can 
bind to the CRE regions and modulate gene transcription (Mayr and Montminy 2001). 
This feedback mechanism, whereby cAMP modulates the expression of the enzyme 
that degrades it, is though to be a long-term adaptive desensitization response that 
complements the short-term desensitization response accomplished by increased 
PDE4 activity on the PKA phosphorylation of long isoforms. A number of other 
agents have been reported to regulate PDE4 expression by mechanisms that remain 
undetermined (Houslay 2001). Of these, the most significant is the pro-inflammatory 
agent LPS (lipopolysaccharide), which specifically up-regulates PDE4B in monocytes 
and macrophages (Ma et al. 1999; Wang et al. 1999). This suggests that PDE4B, and 
in particular PDE4B2, may play a key role in inflammatory responses and is therefore 
the most appropriate target for the development of anti-inflammatory drugs (Ma et 
al. 1999). Finally, the expression of PDE4 isoforms is also likely to be regulated at the 
level of mRNA stability (Swinnen et al. 1991), as has been demonstrated to be the case 
for a number of PDE4D isoforms in vascular smooth muscle cells (Liu et al. 2000). 
In these cells, activation of the cAMP-PKA pathway results in the induction of the 
PDE4D1 and PDE4D2 isoforms; however, simultaneous activation of the cAMP-PKA 
and the ERK MAPK pathways attenuates induction of these two short forms by a 
mechanism involving altered mRNA stability.

2.3 Therapeutic Uses and Limitations of PDE4 Inhibitors

PDE4 inhibitors are of great interest to the pharmaceutical industry because their 
action in increasing intracellular cAMP can produce a wide range of desirable effects. 
Selective inhibitors of PDE4 form the largest group of inhibitors for any PDE family 
and have been studied as anti-inflammatory drugs targeting asthma and chronic 
obstructive pulmonary disease (COPD) and also as therapeutic agents for rheumatoid 
arthritis, multiple sclerosis, type II diabetes, septic shock and atopic dermatitis 
(Barnette and Underwood 2000; Giembycz 2000; Souness et al. 2000; Huang et al. 
2001; Sturton and Fitzgerald 2002). PDE4 inhibitors have also been demonstrated to 
exhibit anti-depressant and memory-enhancing properties (O’Donnell and Zhang 
2004), so are also of potential therapeutic use for the treatment of depression, 
Alzheimer’s disease, Parkinson’s disease and schizophrenia (Houslay et al. 2005; 
Zhang and O’Donnel 2007). They also have potential for treating sciatic nerve injury 
by promoting axonal growth (Gao et al. 2003; Pearse et al. 2004).

The prototypical PDE4 selective inhibitor is rolipram, a highly selective first gen-
eration PDE4 inhibitor, which has been extensively used for many years as a research 
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tool to chemically ablate PDE4 activity in order to elucidate its cellular role. Rolipram 
was clinically investigated for use as an anti-depressant (Zeller et al. 1984) and to 
treat Parkinson’s disease (Parkes et al. 1984), but had to be withdrawn because of 
unacceptable gastro-intestinal side effects such as nausea and vomiting. Despite these 
problems, the excellent anti-inflammatory properties of PDE4 inhibitors meant they 
remained prime candidates for therapeutic development. A large number of second-
generation PDE4 inhibitors have now been developed with the hope of maximizing 
the therapeutic benefit while minimizing side effects (Burnouf and Pruniaux 2002). 
These inhibitors have been slow to realize their early potential, with many plagued 
by side effects similar to that of rolipram, and none have yet reached the marketplace. 
However, Altana’s roflumilast and GSK’s cilomilast, the two most advanced PDE4 
inhibitors in clinical trials for the treatment of asthma and COPD, have reached the 
late phase-III clinical trial/pre-registration stage, but have not yet been considered to 
show sufficient efficacy for approval to be granted (Lipworth 2005; Fan Chung 
2006). These compounds clearly have potential, but side effects due to their general 
inhibition of all PDE4s continue to constrain their therapeutic window.

One theory postulated to explain the emetic activity of rolipram was centered on 
the fact the PDE4 isoforms can adopt two distinct conformational states with very 
different affinities for rolipram. These are known as the low-affinity rolipram binding 
state (LARBS) and the high-affinity rolipram binding state (HARBS) (Houslay 
1998). While PDE4 LARBS was reported to be associated with anti-inflammatory 
activity, HARBS, which is generally expressed in the central nervous system, was 
linked to the high levels of adverse effects, such as nausea and vomiting, triggered by 
rolipram treatment (Fan Chung 2006). Consequently, efforts were made to design 
PDE4 inhibitors with improved LARBS and HARBS ratios; however, this hypothesis 
is now regarded as overly simplistic. At one time, HARBS and LARBS were thought 
to represent two distinct binding sites; however, it has now been unequivocally dem-
onstrated that rolipram binds at a single site in the catalytic region of PDE4s, where 
it acts as a competitive inhibitor (Card et al. 2004; Xu et al. 2004; Wang et al. 2007). 
Current evidence suggests that HARBS and LARBS represent different conformers 
of PDE4, which may arise as a result of phosphorylation or the interaction of distinct 
PDE4 isoforms with other proteins such as XAP2, RACK1 and certain SH3 domain-
containing proteins (Bolger et al. 2007). Indeed, a variety of studies have been per-
formed suggesting that certain compounds may show selectivity to certain PDE4 
sub-families. However, such evaluations are fraught with difficulties as the conforma-
tion of the enzyme preparations for each sub-family may be influenced by the nature 
of the isoform chosen, any post-translational modification and any interacting pro-
teins. To date, no “Gold-standard” preparations with isoforms in each sub-family 
locked in either “low” or “high” affinity states for rolipram inhibition have been gen-
erated and then thoroughly analyzed against a range of PDE4-selective inhibitors.

A more recent proposal is that it is the specific inhibition of the PDE4D sub-
family that is responsible for the emetic effects of PDE4 inhibitors by stimulation 
of neurons in the vomiting centre of the brain (Zhang and O’Donnell 2007). This 
hypothesis is based on inferences from PDE4D knockout mice and remains to be 
proven in conditional knockouts, in which developmental effects can be eliminated, 
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and with isoform-specific knockouts. It also depends upon inferences made from 
studying a model system in mice, a species that does not in fact exhibit emesis. 
Thus, such inferences require caution until further work is done. It seems clear, 
however, that one way forward is to develop inhibitors with sub-family or isoform 
specificity. In order to differentiate between enzymes with identical or almost iden-
tical catalytic sites, it will be necessary to focus on the cellular interactions of par-
ticular PDE4 isoforms that are integral to their compartmentalization and function. 
The last decade has seen significant advances in the understanding of these, mainly 
protein–protein, interactions (see Sect. 2.4 and 2.5), but presumably many more 
await discovery. Full characterization of these interactions will facilitate the devel-
opment of inhibitors that either (1) act at the catalytic site, but are targeted to dif-
ferent isoforms as a consequence of conformational changes due to protein–protein 
interactions or (2) alter the function of a particular isoform by targeting the  protein–
protein interactions themselves so as to remove the target isoform from its function-
ally relevant compartment in the cell (see Sect. 3).

2.4 Targeting/Compartmentalization of PDE4

The existence of a myriad of PDE4 isoforms that are targeted to discrete sub-cellular 
locations and that have distinct regulatory properties means that PDE4s are key 
players in compartmentalizing cAMP signaling and regulating input from other 
signaling pathways (Baillie and Houslay 2005). The ability of PDE4s to be strategi-
cally targeted and anchored throughout the cell can be largely attributed to associa-
tions with other proteins. These protein–protein interactions are mediated mainly, 
but not exclusively, by the unique N-terminal regions of PDE4 isoforms (Houslay 
and Adams 2003; Huston et al. 2006b).

2.4.1  Role of the N-Terminal Region of PDE4s in Intracellular Targeting 
and cAMP Compartmentalization

As discussed in Sect. 2.1, a unique N-terminal region defines each PDE4 isoform. 
Evidence from our laboratory has shown unequivocally that this N-terminal region is 
essential in the intracellular targeting of PDE4 isoforms. Pivotal in this work has been 
the study of the super-short PDE4A, PDE4A1. PDE4A1 is unique in the PDE4 family 
in that it is entirely membrane bound and found, in a number of cell types, to be pre-
dominantly localized to the Golgi and to vesicles underlying the plasma membrane 
(Shakur et al. 1993, 1995; Pooley et al. 1997). However, removal of its isoform-
unique 25-amino-acid N-terminal region generates a fully active and entirely soluble 
cytosolic form (Shakur et al. 1993). This discovery led to the proposal that intracellu-
lar targeting was pivotal to the PDE4 family and so formed an inherent part of the 
observed isoform multiplicity. As such, PDE4A1 has provided a particularly useful 
model in underpinning the notion of PDE4 intracellular targeting.
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NMR analysis has revealed the N-terminal region of PDE4A1 is composed of 25 
amino acids that form two distinct helical structures bound by a flexible and mobile 
hinge region (Smith et al. 1996). It was observed in the original work by Shakur et 
al. (1993) that engineered constructs lacking this N-terminal region formed entirely 
soluble, fully active species. In addition, it was shown that when the N-terminal 
region of PDE4A1 was bound to an entirely cytosolic protein, such as CAT or GFP, 
the resultant chimeric protein was entirely membrane bound (Scotland and Houslay 
1995; Smith et al. 1996; Baillie et al. 2002). These studies formed the paradigm for 
the importance of the N-terminal regions of the PDE4 enzymes in directing intracel-
lular targeting and thereby allowing exquisite control of the shape and formation of 
gradients of cAMP within the cell, the basis of cAMP compartmentalization. The 
identification of the role of the N-terminal region of PDE4s in targeting and the 
knowledge that this region provides the signature of each individual PDE4 isoform 
led to the realization that this region could allow tailored compartmentalization of the 
cAMP signal through selective expression of PDE4 isoforms. Indeed, further studies 
identified the N-terminal regions of PDE4A5, PDE4A4 and PDE4D4 to interact with 
members of the SRC tyrosyl kinase family (O’Connell et al. 1996; Beard et al. 1999; 
McPhee et al. 1999), PDE4A5 to interact with the immunophilin XAP2 (Bolger et al. 
2003b), PDE4D5 to interact with both RACK1 and β-arrestin (Yarwood et al. 1999; 
Steele et al. 2001; Bolger et al. 2002; Bolger et al. 2003a), PDE4B1 to interact with 
DISC1 (Millar et al. 2005) and PDE4D3 to interact with myomegalin, mAKAP and 
AKAP450 (Dodge et al. 2001; Tasken et al. 2001; Verde et al. 2001; McCahill et al. 
2005). These interactions are discussed in Sect. 2.5 (and see Fig. 3).

Fig. 3 Summary of the known protein–protein interactions of various PDE4 isoforms shown in 
their appropriate locations within a hypothetical cell
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The interactions of PDE4 N-terminal regions are not confined to protein–pro-
tein interactions. Indeed, within PDE4A1 it is a microdomain within the second 
helical structure named TAPAS1 that confers Ca2+-gated membrane insertion and 
shows a preferential binding for net −2 charge phosphatidic acid (Baillie et al. 
2002). More recently, it has been shown that this TAPAS1/PA interaction is not 
sufficient for the targeting of PDE4A1 in intact cells. Indeed, while TAPAS1 
provides the core insertion domain, a separate site located within helix 1 is 
responsible for efficiency of the insertion and also for the retention of PDE4A1 
to the Golgi (Huston et al. 2006a). It is suggested that this second site within 
helix1 may interact with another protein, as this site is not a lipid interaction site. 
The presence of more than one binding site for efficient targeting of proteins is 
synonymous with a number of other PDE4  protein–protein interactions where a 
second site of interaction within the PDE enzyme has also been identified. 
Binding of PDE4A4 to LYN SH3 has been shown to be dependent on the interac-
tion of LYN-SH3 with sites located within both the N-terminus of PDE4A4 and 
within the LR2 region of the protein (McPhee et al. 1999). Likewise, binding 
sites for both β-arrestin and RACK1 have recently been found within both the N-
terminal regions and catalytic region of PDE4D5 (Bolger et al. 2006). That such 
a level of complexity exists within the interactions of PDE4 isoforms with their 
myriad of binding partners indicates that absolute definition of the molecular 
basis of these interactions will be of great value in the development of powerfully 
specific drug therapies.

2.5 Intracellular Targeting via Protein–Protein Interactions

2.5.1 SH3-Domain-Containing Proteins

The N-terminal region of the long-form human isoform, PDE4A4, has been shown to 
be important in directing localization of this protein and also to play a role in determin-
ing the inherent sensitivity of the enzyme to the archetypical PDE4 inhibitor, rolipram 
(Huston et al. 1996). PDE4A4 is distributed within both the particulate and cytosolic 
fractions of cultured COS7 cells. This localization was shown to have a profound 
effect on the inhibition of the enzyme by rolipram, with the particulate form of the 
enzyme showing a dramatic increase in its sensitivity to rolipram and also showing 
striking changes in the kinetics of enzyme inhibition, which indicated a change in 
conformation of PDE4A4 when localized at the membrane. These differential charac-
teristics were shown to be, at least in part, due to the N-terminal region of the enzyme 
(Huston et al. 1996). When the N-terminal region of both this isoform and its rat 
homologue PDE4A5 were examined in more detail, it was found that both of these 
enzymes contained a number of conserved Pro-X

aa
-X

aa
-Pro- X

aa
- X

aa
-Arg domains in 

their N-termini, indicative of proteins that bind SH3-domain-containing proteins 
(O’Connell et al. 1996; McPhee et al. 1999). SH3 domains are found in various 
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 families of proteins, including adaptor proteins, cytoskeletal proteins and various 
 signal transduction proteins, such as the SRC family tyrosyl kinases (Pawson and 
Gish 1992; Terasawa et al. 1994). These proteins are distinct self-folding proteins 
that are generally thought to confer protein–protein interactions (Cowan-Jacob 2006). 
The N-terminal region of PDE4A5 was shown to be responsible for its binding to a 
number of members of the SRC-tyrosyl kinase family (O’Connell et al. 1996). In con-
trast, however, the binding of PDE4A4 to these same SH3-domain-containing proteins 
could not be explained purely by an interaction with the N-terminal region; instead, an 
additional proline-rich region located between UCR2 and the catalytic region, namely 
LR2, was found to be necessary both for the correct localization of the enzyme and 
also for its interaction with LYN-SH3 (McPhee et al. 1999). In addition, the interaction 
of PDE4A4 with LYN-SH3 was shown to be pivotal to the change in conformation of 
PDE4A4 and the resultant increase in sensitivity to rolipram seen in the particulate 
fraction of the enzyme in previous studies (McPhee et al. 1999). In the case of 
PDE4A5, deletion of the defined SH3-binding region was, in itself, insufficient to 
cause complete loss of intracellular targeting of the enzyme. Indeed, it was shown that 
multiple regions within the N-terminal non-catalytic region of PDE4A5 contribute to 
its intracellular targeting (Beard et al. 2002). Further studies examining the interaction 
of PDE4s to SH3-domain-containing proteins in brain revealed a third isoform able to 
bind SRC-family tyrosyl kinases. This study revealed PDE4D4 to bind with equal 
affinity to LYN, FYN and SRC, suggesting a subfamily specificity in the ability of 
PDE4s to bind SRC-family tyrosyl kinases (Beard et al. 1999).

2.5.2  Interaction Between PDE4A5 and Caspase3: Consequences 
for SH3 Binding

Further information as to the functional role of protein–protein interactions in 
controlling subcellular localizations of PDE4s and thus regulation of cAMP micro-
domains is demonstrated by the action of caspase3 on PDE4A5.

In mammals, various stimuli of apoptosis lead to the activation of a family of 
cysteine proteases with specificity for aspartic acid residues, referred to as caspases 
(Thornberry et al. 1992). Caspases exist as zygomens until proteolytically activated, 
either auto-catalytically or by other caspases (reviewed in Nagata 1997). Caspase acti-
vation is induced by a wide array of death signals and leads to precipitous cleavage of 
protein substrates, thereby disabling important cellular processes and breaking down 
structural components of the cell. The ubiquitously expressed caspase 3 (CPP32/Yama/
apopain) is implicated as a downstream effector protease of this cascade (Fernandes-
Alnemri et al. 1994). Our laboratory has identified the rat homologue of long-form 
PDE4A, PDE4A5, as a target of caspase-3 cleavage (Huston et al. 2000). This cleavage 
occurs at the motif, DAVD, which is unique to the N-terminal region of PDE4A5, 
and is induced both in rat-1 fibroblast cells, by the apoptotic agent staurosporine, 
and in rat neuronal-like PC12 cells, by withdrawal of NGF (Huston et al. 2000). The 
cleavage of PDE4A5 by caspase-3 leads to a loss in the ability of PDE4A5 to bind to 
SH3-domain-containing proteins. Cleavage also leads to a change in the intracellular 
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localization of PDE4A5. The perinuclear localization of the full-length protein that has 
been shown to co-localize with the SH3-domain-containing protein, LYN, is replaced, 
in the cleaved product, by a distribution throughout the cytosol of the cell (Huston et al. 
2000). Thus, cleavage of PDE4A5 by caspase-3 removes the ability of the protein to 
bind to SH3-domain-containing proteins and causes relocalization of PDE4A5; this 
could potentially lead to changes in the local concentration of cAMP. The significance 
of this is profound when the reported importance of cAMP in the control of apoptosis 
is considered. The second messenger has been found to mediate apoptotic signals in a 
wide variety of cells, augmenting or inhibiting apoptosis depending on the cell type 
examined (McConkey et al. 1990; Lomo et al. 1995; Kim and Lerner 1998). Indeed, in a 
number of studies PDE4 inhibition itself has been implicated in the induction of apoptosis 
(for review, see Lerner and Epstein 2006). That over-expression of PDE4A5 protects 
RAT1 fibroblasts against staurosporine-induced apoptosis, whereas over-expression of 
PDE4A8, which exhibits a subcellular distribution similar to the cleaved PDE4A5 in both 
COS cells and rat-1 fibroblasts, does not (Huston et al. 2000), would suggest the impor-
tance of the localization of PDE4A isoforms in modulation of the apoptotic pathway.

2.5.3 XAP2

A further example of the potential of PDE4s to interact with signaling complexes is 
illustrated by the ability of PDE4A5 to interact with XAP2. XAP2 (hepatitis-B virus 
x-associated, also known as ARA9 or AIP) was identified in 1996 as part of the 
FKB52 class of immunophilins due to its structural similarity to these proteins 
(Carver and Bradfield 1997; Ma and Whitlock 1997; Petrulis and Perdew 2002). 
However, despite sharing some sequence homology in its tetratricopeptide repeat 
(TPR) motif, a motif typical of proteins that interact with hsp90 proteins, XAP2 does 
not bind immunosuppressive drugs such as cyclosporin, FK506 or rapamycin, 
another typical characteristic of immunophilins (Carver and Bradfield 1997). XAP2 
was first identified as part of the aryl hydrocarbon receptor (AhR) complex via yeast-
2-hybrid and direct immunoprecipitation experiments in mouse (Kuzhandaivelu et al. 
1996). Its function within this complex has been much studied, with many suggesting 
a role in the subcellular localization of AhR. Others suggest that overexpression of 
XAP2 leads to an increase in the cellular levels of AhR and also an increase in AhR-
mediated gene induction (Meyer et al. 2000), and this has recently been suggested to 
occur as a consequence of XAP2 acting to stabilize the AhR by protecting it from 
ubiquitination by the carboxyl terminus of hsc70-interacting protein (CHIP) ubiquitin 
ligase (Lees et al. 2003; Morales and Perdew 2007). The AhR is of great therapeutic 
interest due to its activation by tobacco smoke, which has been shown to lead to the 
generation of pro-inflammatory mediators from fibroblasts (Martey et al. 2005). 
In addition, the AhR has been shown to bind to the carcinogen TCDD, exposure to 
which has been implicated in COPD and lung cancer (Martinez et al. 2002).

The work of Bolger et al. (2003b) identified a novel binding partner of XAP2 in 
PDE4A5. Immunophillins closely related to XAP2, the AIPL1 protein, FKBP51 or 
FKBP52 show no binding to PDE4A5, suggesting the binding of XAP2 to PDE4A5 to 
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be exclusive. Within the sequence of XAP2, it was found that it was a TPR domain 
located within the carboxy half of the protein that was important for PDE4A5 binding 
(Bolger et al. 2003b). The TPR regions of many proteins have been shown to mediate 
their interaction with other proteins; indeed, hsp90 has been shown to bind the TPR 
regions of a number of proteins, including XAP2 (Sikorski et al. 1990; Uzawa et al. 
1990). The authors (Bolger et al. 2003b) suggest that, as it is only PDE4A5 within the 
vast array of members of the PDE4 family that can bind XAP2, the unique N-terminal 
region of PDE4A5 must be involved in the interaction. However, this study also impli-
cated a second site located within the UCR2 region of PDE4A5. Here, an EELD motif 
similar to that in the XAP2 binding region of hsp90 was shown by mutational analysis 
to bind XAP2 (Bolger et al. 2003b). In addition to the binding of XAP2, this region has 
been shown to be important in the interaction of UCR1 and UCR2 regions of PDE4D3, 
and the region has also been implicated in the ability of PDE4D isoforms to dimerize 
(Beard et al. 2000; Richter and Conti 2002), which suggests that when proteins interact 
with PDE4 isoforms, they stabilize the monomeric forms. This would presumably pre-
vent complex oligomers forming thereby ensuring the fidelity of interaction between a 
particular PDE4 molecule and a single scaffold species. This UCR2 region is conserved 
within all PDE4 isoforms and so cannot account for the specificity of XAP2 binding to 
the PDE4A5 isoform, implying a role for the isoform-specific N-terminal region.

The binding of PDE4A5 to XAP2 was found to have a number of functional 
consequences (Bolger et al. 2003b). Following binding of XAP2, the activity of 
PDE4A5 was severely inhibited; this would presumably modulate the cAMP con-
centration around the locale of XAP2. In addition, binding of the two proteins was 
shown to greatly increase the sensitivity of PDE4A5 to its cognitive inhibitor rol-
ipram. Both of these functional consequences suggest that a conformational change 
in the catalytic region of PDE4A5 takes place as a result of XAP2 binding. Binding 
of XAP2 to PDE4A5 also culminates in the attenuation of the ability of PDE4A5 
to be phosphorylated by PKA. Phosphorylation of PDE4A5 by PKA acts to 
increase the activity of the enzyme (MacKenzie et al. 2002). However, it appears 
that this action is independent of the ability of the inhibition of the enzymatic activ-
ity of PDE4A5 by binding of XAP2 (Bolger et al. 2003b).

Although binding of PDE4A5 to XAP2 was shown to have a number of functional 
outcomes for the PDE4A5 enzyme, it remains to be seen whether reciprocal func-
tional outcomes can be identified for XAP2. It is interesting to note that recently it has 
been suggested that an environment of high cAMP causes the nuclear translocation of 
the AhR receptor (Oesch-Bartlomowicz and Oesch 1990; Bock and Kohle 2006), itself 
a PKA target (Dolwick et al. 1993), with consequences for its protein–protein interac-
tions. It will be of interest to investigate whether binding of PDE4A5 to XAP2, which 
is a well-defined binding partner of the AhR, has further functional consequences.

2.5.4 DISC1

A number of genetic and neuropsychiatric studies have suggested that mutations 
with Disrupted in schizophrenia 1 (DISC1) gene lead to a predisposition to schizo-
phrenia and related psychological disorders (reviewed in Carter 2006; Hennah et al. 
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2006; Porteous and Millar 2006). DISC1 is expressed exclusively in brain and has 
a structure that is consistent with structural scaffolding proteins. As such, the search 
for interacting partners of this protein has been wide. One such study identified 
various partners of DISC1, including the neurodevelopmental proteins, FEZ1 and 
NDEL1, and also identified an interaction between DISC1 and PDE4B (Millar 
et al. 2003). PDE4s have long been implicated in functions of the CNS (Zhang and 
O’Donnell 2007). Mutations in the dunce gene of Drosophila, the homologue of 
human PDE4, were shown to effect learning and memory (Davis et al. 1995). In 
addition, early studies on the prototypical PDE4 inhibitor, rolipram, showed its 
potential for treating depression and diseases of cognitive impairment (Zhu et al. 
2001). However, severe challenges in the development of therapeutic agents have 
become apparent due to an incomplete understanding of the function and regulation 
of PDE4s in the brain. The identification of specific interactions of PDE4 family 
members with neuronally functional proteins allows an increase in the understand-
ing of PDE4 function within the CNS.

Co-immunoprecipitation and co-localization studies in various cell types veri-
fied the original yeast-2-hybrid data showing interaction of DISC1 with PDE4B. 
Further analysis revealed that interaction of the two proteins was achieved via the 
amino terminal end of DISC1 and the UCR2 region of PDE4B. The UCR2 region 
of PDE4s is highly conserved between all family members, and as such it was 
revealed that DISC1 was able to bind to members of all four of the PDE4 gene 
families (Millar et al. 2005). More recently, however, further binding sites for 
DISC1 within PDE4s have been found that may modulate and regulate the interac-
tion of specific PDE4s to DISC1 (Murdoch et al. 2007). Phosphorylation of 
PDE4B1 by PKA in response to increases in local cAMP levels causes release of 
PDE4B1 from DISC1, suggesting a dynamic interrelationship between the two 
proteins (Millar et al. 2005).

In addition to biochemical data, genetic relevance to this interaction was implied 
by the finding that cousins suffering from schizophrenia and psychotic illness pre-
sented a disruption in the gene encoding PDE4B. When patient-derived lymphob-
lastomal cells were examined, it was shown that this translocation led to a dramatic 
decrease in the protein expression of PDE4B1 (Millar et al. 2005). The discovery 
that chromosomal disruptions in both the DISC1 and PDE4B genes are independ-
ent risk factors in schizophrenia and that these two proteins interact to modulate 
cAMP signaling is of potential therapeutic significance. Further definition of the 
molecular basis of the DISC1/PDE4B relationship will be of great value in developing
this therapeutic potential.

2.5.5 b-Arrestins

β-arrestins are signaling scaffold proteins that have a number of cellular functions, 
including the desensitization of GPCRs such as the β

2
-adrenergic receptor 

(β
2
AR). In the classic paradigm of receptor desensitization, agonist-occupied and 

activated β
2
AR couples to Gs, leading to the activation of membrane-bound 

adenylyl cyclases (ACs) and generation of cAMP (Hall 2004). This process is 
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rapidly desensitized when G-protein-coupled receptor kinases (GRKs) phosphorylate 
the activated β

2
AR, which promotes the recruitment of cytosolic β-arrestins to the 

plasma membrane and thus uncouples the further interaction between β
2
AR and 

Gs (Luttrell and Lefkowitz 2002). Recent studies add a new facet of β-arrestin 
function to this β

2
AR desensitization process, as β-arrestin has been shown to 

form a complex with PDE4 enzymes (Perry et al. 2002). This provides a means 
of delivering a cAMP-degrading enzyme to the site of cAMP synthesis and 
quenching the existing cAMP at the plasma membrane in an agonist-dependent 
manner. β-Arrestins therefore play a dual role in resetting cAMP levels after 
agonist stimulation by preventing further AC stimulation and, additionally, 
recruiting PDE4 to mop up excess cAMP. The transient rise in cAMP affected by 
receptor stimulation results in activation of locally tethered PKA that in turn 
leads to phosphorylation of PKA substrates in the local environment, one of 
which is the β

2
AR itself. PKA phosphorylation of the β

2
AR allows it to switch 

its coupling from Gs to the inhibitory guanine nucleotide regulatory protein, Gi. 
This switch inhibits AC activity and instead couples the β

2
AR to activation of 

ERK1 and ERK2 via a pathway involving SRC, Ras and Raf (Daaka et al. 1997). 
Thus, by controlling the levels of cAMP at the plasma membrane, β-arrestin-
recruited PDE4 regulates the PKA-mediated switching of the β

2
AR between Gs-

mediated activation of AC and Gi-mediated activation of the ERK signaling 
pathway (Baillie et al. 2003).

All PDE4 isoenzymes are capable of binding β-arrestin1 and 2, independent 
of agonist treatment, through a common site located within their conserved 
catalytic domain (Perry et al. 2002; Bolger et al. 2003a). However, studies in a 
number of cell types indicated that the PDE4D5 was the isoform predominantly 
or exclusively found in association with β-arrestin and recruited to the β

2
AR on 

agonist stimulation, even when it was expressed at a much lower level than other 
PDE4 isoforms (Bolger et al. 2003a). This was found to be due to an additional 
β-arrestin binding site in the unique N-terminal region of PDE4D5, which con-
ferred it with a higher affinity for β-arrestin than other PDE4s (Bolger et al. 
2003a). Subsequent peptide array analyses (see Sect. 3.1) defined the β-arrestin2 
binding sites on PDE4D5 in more detail (Fig. 4) (Bolger et al. 2006). Efforts to 
map the PDE4D5 binding sites on β-arrestin2 defined two regions that are necessary 
for the interaction, one located at the extreme N-terminal end of the N-domain of 
β-arrestin2 and the other within the C-terminal C-domain (Bolger et al. 2006). 
Again, peptide array analyses were utilized to confirm and expand these data, 
revealing that the binding site in the N-domain of β-arrestin2 interacts with the 
common PDE4 catalytic unit, while two distinct sites in the N-domain confer 
specificity for PDE4D5 (Baillie et al. 2007). Interaction of PDE4D5 with both the 
N- and C-domains of β-arrestin2 was demonstrated to be necessary for regulation 
of the β

2
AR (see Sect. 3.1).

RNA silencing of specific PDE4 isoforms in HEK293B2 cells confirmed that 
PDE4D5, and not any other PDE species, is the isoform required to control the 
PKA-mediated switching of the β

2
AR from Gs to Gi (Lynch et al. 2005). The 
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importance of β-arrestin in recruiting and tethering PDE4D5 to the β
2
AR was 

demonstrated by a dominant negative approach whereby catalytically inactive 
PDE4D5 was over-expressed in both HEK293B2 cells (Lynch et al. 2005) and 
cardiac myocytes (Baillie et al. 2003). As shown in Fig. 5, this species exerted a 
dominant negative effect by binding to β-arrestin and displacing the active 
endogenous PDE4D5 from the β

2
AR signaling complex and potentiating agonist-

stimulated ERK activation by its failure to degrade local cAMP. However, this 
dominant negative effect was abolished when a point mutation was made in the 
unique N-terminal region of catalytically inactive PDE4D5 that ablated its ability 
to interact with β-arrestin, thereby implying that recruitment by β-arrestin is criti-
cal to the function of PDE4D5 in these cells (Lynch et al. 2005; Bolger et al. 
2006). Taken together, these studies demonstrate that a particular PDE4 isoform 
can exert a specific functional role within a cell and that function is critically 
dependent on targeting by protein–protein interaction. The interaction between 
PDE4D5 and β-arrestin has recently been reviewed in detail elsewhere (Baillie 
and Houslay 2005; Baillie et al. 2005; Bolger et al. 2007; Houslay 2007).

2.5.6 RACK1

RACK1 (Receptor for Activated C Kinase 1) was originally identified as a scaf-
folding protein for activated PKC (Ron et al. 1994), but its role has been 
expanded through identification of an array of novel binding partners (McCahill 
et al. 2002). RACK1 is a 36-kDa protein that contains seven tryptophan/aspartate-rich 

Fig. 4 A schematic diagram showing the respective binding sites of β-arrestin and RACK1 on 
PDE4D5, illustrating the powerful advance of peptide array technology. Within the N-terminal 
region, which is unique to PDE4D5, both β-arrestin and RACK1 compete for the same binding 
site. Within the C-terminal region, which is common to all PDE4D isoforms, distinct binding sites 
for β-arrestin and RACK1 have been identified. Peptide array scans, which were used to identify 
these binding regions, are shown. In these the sequence of PDE4D5 was used to generate a library 
of overlapping 25-mer peptides, each shifted by five amino acids, immobilized on nitrocellulose. 
The peptide blots were then probed with tagged, recombinant β-arrestin or RACK1 as indicated. 
Dark spots indicate peptides that may contribute to the binding site. These sites are then verified 
by each of the positive spots being used as a template to design peptide arrays in which each of 
the amino acids is sequentially mutated, usually to alanine. These are then probed with the cor-
responding tagged, recombinant proteins, and substitutions that lead to loss of binding indicate 
critical interacting residues
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(WD) repeat motifs, which are proposed to form a seven-bladed, β-sheet propel-
ler structure (for modeling details, see Bolger et al. 2002), similar to the G-pro-
tein β-subunit (Sondek and Siderovski 2001). This structural design provides 
multiple protein interaction surfaces for RACK1 to scaffold such signal trans-
duction proteins as PKC, SRC, integrin β-subunits, the NMDA receptor and the 
IGF1 receptor (Ron et al. 1994; Liliental and Chang 1998; Chang et al. 2001; 
Hermanto et al. 2002; Yaka et al. 2002). RACK1 has been shown to be involved 
in various biological functions, such as the regulation of heart contraction by 
noradrenaline (Johnson et al. 1996), glucose-stimulated insulin secretion in 
pancreatic β cells (Yedovitzky et al. 1997), NMDA channel function (Thornton 
et al. 2004) and integration of adhesion and insulin-like growth-factor-I signaling 
and cell migration (Kiely et al. 2005).

RACK1 was first demonstrated to interact with PDE4D5 when it was pulled out 
by a yeast two-hybrid screen with PDE4D5 as the bait (Yarwood et al. 1999). This 
interaction, which was confirmed by pull downs and immunoprecipitations, was 
proved to be highly specific as RACK1 did not interact with any other PDE4 iso-
forms, while PDE4D5 did not interact with any other WD-repeat proteins (Yarwood 
et al. 1999). As would be predicted from this specificity, truncation analysis showed 
that the unique N-terminal region of PDE4D5 was essential for its interaction with 
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Fig. 5 Schematic of the dominant negative strategy used to show the importance of β-arrestin-
targeted PDE4D5 in the regulation of β

2
AR signaling. (a) Isoprenaline-stimulated β

2
AR couples 

to Gs, leading to the activation of ACs, the generation of cAMP and the activation of AKAP79-
tethered PKA. This process is rapidly desensitized when GRKs phosphorylate the activated β

2
AR,

promoting the recruitment of cytosolic β-arrestin, and its associated PDE4D5, to the plasma mem-
brane, preventing further interaction between the β

2
AR and Gs. (b) Activated PKA phosphorylates 

the β
2
AR, allowing it to switch its coupling to Gi and ERK activation. β-arrestin-recruited

PDE4D5 attenuates Gi-coupling and ERK activation by degrading local cAMP and so diminishing 
PKA phosphorylation of the β

2
AR. (c) Over-expressed, catalytically inactive (ci) PDE4D5 exerts 

a dominant negative effect by displacing active endogenous PDE4D5 and enhancing iso-mediated 
ERK activation. (d) Over-expressed, catalytically inactive PDE4D5 that has a mutation in its N-
terminal β-arrestin binding site is not recruited to the signaling complex and so fails to enhance 
ERK activation
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RACK1. A combination of yeast-two-hybrid, mutagenesis and modeling approaches 
demonstrated that WD-repeats 5–7 of RACK1 were sufficient for the interaction 
with PDE4D5 and that the important residues for interaction were all clustered on a 
single surface of RACK1 (Steele et al. 2001). Subsequent studies delineated the 
RACK1 Interaction Domain in the N-terminal region of PDE4D5, termed RAID1, 
which is proposed to form an amphipathic helical structure that could interact with 
the β-propeller blades of RACK1 in a manner analogous to the interaction of the 
helical Gγ protein with the β-propeller protein, Gβ (Bolger et al. 2002). A synthetic 
peptide of the RAID1 region bound to RACK1 with a similar affinity to that of 
PDE4D5 and could also inhibit the interaction between PDE 4D5 and RACK1 in a 
concentration-dependent manner (Bolger et al. 2002; Smith et al. 2007). Binding of 
PDE4D5 to RACK1 was found not to affect its activity, but did slightly alter its 
sensitivity to rolipram (Yarwood et al. 1999), which may be due to the fact that pep-
tide array analysis identified a novel binding site for RACK1 in the PDE4D catalytic 
unit that abuts the active site for cAMP binding (Bolger et al. 2006). The functional 
consequence of the RACK1/PDE4D5 interaction was not apparent until it was dis-
covered that β-arrestin could compete with RACK1 for binding to PDE4D5 (Bolger 
et al. 2006; Smith et al. 2007). A combination of yeast three-hybrid and peptide array 
approaches (see Sect. 3.1) showed that RACK1 and β-arrestin have overlapping bind-
ing sites on the N-terminal region of PDE4D5, and they therefore interact with 
PDE4D5 in a mutually exclusive manner (Fig. 4). Peptide array analysis also uncov-
ered an additional binding site for RACK1 in the catalytic region of PDE4D5, which 
had not been appreciated by previous approaches. Knockdown of RACK1 using 
siRNA (small interfering RNA) markedly increased the proportion of PDE4D5 that 
can associate with β-arrestin. This, in turn, increased the recruitment of PDE4D5 to the 
β

2
AR upon isoproterenol stimulation, which significantly attenuated PKA phospho-

rylation of the β
2
AR and activation of ERK (Bolger et al. 2006; Smith et al. 2007). 

The interaction of RACK1 and PDE4D5 can therefore impact on β-adrenergic sign-
aling by sequestering distinct pools of PDE4D5 such that it is unavailable to modu-
late the function of the β

2
AR. This study eloquently demonstrated that different 

pools of the same isoform might themselves be compartmentalized within the cell 
by virtue of their existence within different functional complexes. Furthermore, 
it underlines the importance of defining in detail the molecular basis of the protein–
protein interactions of PDE4 isoforms and demonstrates the potential to manipulate 
their roles within various functional complexes by disruption of their interacting 
domains for the development of novel drug therapies.

2.5.7 AKAPs

AKAPs are a diverse family of proteins that bind to PKA regulatory (R) subunits 
in order to constrain PKA at various subcellular locations, where it can detect 
local cAMP gradients and confer the appropriate response on PKA substrates that 
are either within the same complex or in their close proximity. In addition to 
PKA and its substrates, AKAPs also scaffold an ever-growing number of other 
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signaling proteins including other kinases such as PKC (Klauck et al. 1996), 
phosphodiesterases (Houslay and Adams 2003), phosphatases (Smith et al. 
2006), GPCRs (Malbon et al. 2004) and G proteins (Diviani et al. 2006). AKAPs 
are therefore essential elements of compartmentalized cAMP signaling that 
orchestrate efficient signal transduction, termination and crosstalk with other 
signaling pathways. The recruitment of PDE4 into these AKAP-mediated signaling 
complexes allows the control of local cAMP gradients, and thus the control of 
PKA activity within the complex. A number of PDE4 isoforms are recognized to 
be targeted to AKAPs, and the functional consequences of these interactions are 
now becoming clear (Bolger et al. 2007).

PDE4D3 has been shown to specifically interact with mAKAP, an AKAP prima-
rily found in skeletal and cardiac muscle (Dodge et al. 2001). The inclusion of a 
PDE4 long isoform into the mAKAP-PKA complex allows for self-regulation via 
negative feedback. As cAMP levels rise and mAKAP-associated PKA is activated, 
PDE4D3 within the same complex is consequently activated by PKA phosphoryla-
tion of UCR1. This PDE4D3 activation upregulates the degradation of cAMP, 
which facilitates the deactivation of mAKAP-associated PKA and the subsequent 
dephosphorylation of PDE4D3. In such a manner, cAMP levels are reset to basal 
levels (Dodge et al. 2001).

Truncation studies demonstrated that the mAKAP-PDE4D3 interaction is 
dependent upon the 15-amino-acid, unique N-terminal region of PDE4D3, 
which accounts for the fact that mAKAP interacts poorly with other PDE4 iso-
forms (Dodge et al. 2001). This region of PDE4D3 contains a PKA consensus 
site at serine 13 (S13) in addition to the activating PKA site within UCR1, 
which is found in all PDE4 long forms. Subsequent studies showed that PKA 
phosphorylation of S13 in the unique region of PDE4D3 dramatically increases 
its interaction with mAKAP (Carlisle Michel et al. 2004). This study was the 
first to ascribe a function for S13 phosphorylation of PDE4D3 and went on to 
propose that activation of mAKAP-anchored PKA facilitates the recruitment of 
PDE4D3 in order to achieve faster signal termination. The mAKAP-PDE4D3 
interaction also involves a central region of the mAKAP (amino acids 1286–
1401), which is clearly distinct from the C-terminal PKA anchoring site (Dodge 
et al. 2001). mAKAP is known to be induced and to accumulate in the perinu-
clear region in rat neonatal ventriculocytes in response to hypertrophy (Kapiloff 
et al. 1999). That PDE4D3 undergoes redistribution in order to colocalize with 
the induced mAKAP at the perinuclear region suggests that this complex may 
be required as cells adapt to the requirement for increased contractile power in 
the failing heart (Dodge et al. 2001). Scott and colleagues have recently dem-
onstrated that ERK5 and EPAC1 are also complexed with mAKAP, PKA and 
PDE4D3 in rat neonatal ventriculocytes (Dodge-Kafka et al. 2005; see Sect. 
2.5.8).

PDE4D3 has been shown to be targeted to another AKAP, AKAP450, which 
allows for its tethering to PKA at the centrosomal region of testicular Sertoli cells 
(Tasken et al. 2001). Here, the tight regulation of PKA activity by an associated 
PDE might be predicted to play a role in cell cycle control.
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The functional significance of AKAP/PDE4 tethering has been approached 
using a novel dominant negative strategy (McCahill et al. 2005). In this, single 
point mutations in the active site of various PDE4 isoforms were made in order to 
render them catalytically inactive (see Sect. 3.3). These were then over-expressed 
in cells so as to displace the cognate endogenous active PDE4 isoforms from their 
cellular anchor sites, thereby raising cAMP levels in that specific locale. Such an 
approach has no need for knowledge of the mode of targeting of that specific iso-
form, but only yields a phenotype upon displacement. Doing this in COS1 cells, 
PDE4D3 and PDE4C2, but not PDE4A4 and PDE4B1, were proposed to gate the 
activation of AKAP450-tethered PKA type-II in the centrosomal region of unstim-
ulated cells (McCahill et al. 2005). Additionally, these recombinant long PDE4 
isoforms are able themselves to act as spatially constrained reporters for localized 
PKA activity by virtue of the PKA site in their UCR1 region, providing a means of 
gauging local cAMP action. In COS1 cells, only catalytically inactive PDE4D3 and 
PDE4C2 were phosphorylated by PKA in resting cells, suggesting that these spe-
cies are anchored close to PKA. Catalytically inactive PDE4D3 and PDE4C2 were 
found to co-immunoprecipitate with AKAP450 and, additionally, phosphorylated 
catalytically inactive PDE4D3 and PDE4C2 colocalized with AKAP450 and PKA 
type-II in the centrosomal region. Taken together, these data suggest that specific 
endogenous PDE4 isoforms are targeted to AKAP450 at the centrosome where they 
tightly regulate local cAMP levels to prevent the inappropriate activation of PKA 
in resting cells (McCahill et al. 2005).

The most recent report of a protein–protein interaction between an AKAP and a 
PDE4 is that of AKAP18δ with PDE4D3 and/or PDE4D9 in the aquaporin-2 
(AQP2)-bearing vesicles of renal principle cells (Stefan et al. 2007). In these cells, 
fusion of vesicles containing the AQP2 water channel with the plasma membrane 
increases the water permeability of the cells, which facilitates water reabsorption 
from the collecting duct (King et al. 2004). Shuttling of AQP2-bearing vesicles to the 
plasma membrane occurs upon PKA phosphorylation of AQP2, a process that is trig-
gered by binding of antidiuretic hormone [arginine vasopressin (AVP)] to its receptor 
and the consequential rise in cAMP levels and PKA activity (Klussmann et al. 1999). 
The recent study by Stefan et al. (2007) demonstrates that AKAP18δ tethers PDE4D 
and PKA to AQP2-bearing vesicles where the PDE4D tightly controls the basal PKA 
activity by hydrolysis of local cAMP. Furthermore, they show that AQP2 and PDE4D 
translocate to the plasma membrane in response to AVP, where PDE4D is involved in 
terminating cAMP-dependent water reabsorption. The AQP2-associated PDE4D 
migrated at 98  kDa on SDS-PAGE, which is consistent with the migration of 
PDE4D3, PDE4D8 and PDE4D9, but unfortunately no isoform-specific antisera were 
available to distinguish between these species. RT-PCR identified transcripts for 
PDE4D3 and PDE4D9, indicating that one or both of these isoforms is the PDE4D 
associated with AQP2-bearing vesicles. Peptide array analysis of a library of 25-mer 
peptides scanning the entire sequence of PDE4D3 with an AKAP18δ-GST probe 
revealed two regions of PDE4D3 that bind directly to AKAP18δ. These regions were 
amino acids 341–365 at the extreme N-terminal of the PDE4D catalytic unit, and 
571–635 in the PDE4D sub-family-specific C-terminal region. Interaction at these 
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two sites would suggest that all PDE4D isoforms should, potentially, be capable of 
interacting with AKAP18δ. Subsequent substitution analysis of peptides revealed that 
residues 353–355 (DLE) and 598–600 (FQF) are critically important for the interaction. 
Interestingly, the FQF motif at 598–600 also represents the ERK-specific docking site 
on PDE4D3 (MacKenzie et al. 2000), implying that when PDE4D3 is bound to 
AKAP18δ, it will be unable to bind ERK and so will not be subject to any down-
regulation of its activity via ERK phosphorylation.

Overlay of an AKAP18δ peptide array with a PDE4D3-GST probe revealed 
four sites of interaction. Truncation analysis of AKAP18δ revealed that only 
the most C-terminal of these sites is, seemingly, essential for the PDE4D3 
binding and additionally that the N-terminal region negatively regulates the 
interaction.

The novel compartmentalized cAMP-signaling module involving PDE4D3/9, 
AKAP18δ and PKA offers the potential for therapeutic intervention to treat imbal-
ances of body water homeostasis. PDE4 inhibitors have been found to increase 
water permeability (Stefan et al. 2007) and so could be used in instances when the 
receptor for AVP is non-functional, whereas disruption of the AKAP-PKA interac-
tion may be useful to treat water retention.

2.5.8 ERK and EPAC

The ERK pathway regulates critical cellular processes including survival, prolif-
eration and differentiation by transducing extracellular signals such as growth 
factors, hormones and stress (Houslay and Kolch 2000). As discussed in Sect. 2.2 
above, ERK can bind to, phosphorylate and thus regulate PDE4B, PDE4C and 
PDE4D isoforms. In common with other authentic in vivo MAPK substrates 
(Sharrocks et al. 2000), the ERK phosphorylation site in the catalytic region of 
PDE4 isoforms is flanked by two MAPK docking sites. One of these sites, the 
“KIM” domain, which can be utilized by both ERK and JNK, is situated 120–150 
residues N-terminal to the target serine. ERK specificity is provided by the FQF 
motif, situated 5–30 residues C-terminal to the target serine (MacKenzie et al. 
2000; Sharrocks et al. 2000). In the PDE4 catalytic unit the KIM domain is of the 
sequence VETKKVTSSGVLLL and is located on an exposed β-hairpin loop, 
while the FQF motif resides on an exposed α-helix (Houslay and Adams 2003). 
Thus, both sites are well presented for interaction with ERK. Mutation of these 
docking sites to alanine prevented the phosphorylation of PDE4D3 by ERK both 
in vitro and in vivo, and also blocked the co-immunoprecipitation of ERK and 
PDE4D3 from cell lysates (MacKenzie et al. 2000). The functional outcome of 
ERK phosphorylation of PDE4 isoforms is determined by their complement of 
UCR modules in that long forms are drastically inhibited, short forms are acti-
vated, and super-short forms are weakly inhibited (Hoffmann et al. 1999; 
MacKenzie et al. 2000). PDE4 isoforms then represent a point of crosstalk 
between cAMP signaling and the ERK pathway. This PDE4-centered crosstalk 
has been demonstrated to be of physiological importance to the processes of 
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memory and learning in the rat brain (Zhang et al. 2004) and in a model of NGF-
mediated neuronal regeneration (Gao et al. 2003).

ERK5 was recently found to be in a complex with mAKAP, PKA and 
PDE4D3 in rat neonatal ventriculocytes (see Sect. 2.5.7; Dodge-Kafka et al. 
2005). Binding studies indicated that PDE4D3 is the adapter protein that con-
nects ERK5 to the mAKAP complex. This was confirmed when an ERK bind-
ing mutant of PDE4D3, in which the KIM and FQF domains were ablated, 
failed to recruit ERK5 to the complex. Treatment of these cells with serum to 
activate ERK resulted in a 50% drop in the PDE activity of the complex, an 
effect that could be blocked using a MEK inhibitor, indicating that anchored 
ERK5 activity can inhibit anchored PDE4D3 by phosphorylation of the ERK 
site at serine 579 (Hoffmann et al. 1999). The cells were treated with combina-
tions of ERK and cAMP activators and inhibitors in order to evaluate the nature 
of the crosstalk between cAMP and ERK signaling. Pretreatment of cells with 
forskolin to increase intracellular cAMP prevented activation of mAKAP-associated 
ERK5 by serum. However, several different PKA inhibitors failed to reverse 
the suppression of ERK5 by cAMP, indicating that a cAMP effector other than 
PKA must be involved. EPAC1, the cAMP-dependent guanine nucleotide 
exchange factor specific for the small G-protein Rap1 (de Rooij et al. 1998), was 
subsequently found to co-immunoprecipitate with the mAKAP complex, while 
a specific activator of EPAC was found to result in inhibition of the ERK5 
activity within the complex. PDE4D3 was shown to be required to recruit 
EPAC1 to the mAKAP complex in HEK293 cells and was shown to interact 
directly with EPAC1 in vitro (Dodge-Kafka et al. 2005). The mechanism of this 
PDE4D3-EPAC1 interaction was not discussed in this paper; however, recent 
observations in our laboratory suggest that EPAC interaction is not specific to 
PDE4D3 because there is a common binding site on PDE4 for EPAC (M Lynch, 
G Baillie, M.Houslay, H Bos, unpublished data). Recent work shows that 
mAKAP organizes two integrated cAMP effector pathways in rat neonatal ven-
triculocytes, comprising PDE4D3, PKA, EPAC1 and ERK5. mAKAP deter-
mines the sub-cellular localization of the complex and tethers PDE4D3 and 
PKA, while PDE4D3 recruits EPAC1 and ERK5 to the complex and also plays 
a key regulatory role (Dodge-Kafka et al. 2005). ERK5 phosphorylation of 
PDE4D3 inhibits tethered PDE activity leading to a local increase in cAMP 
levels and subsequent activation of PKA and EPAC1. Activation of EPAC1 
leads to ERK5 inhibition via a Rap1 signaling pathway. Meanwhile, activated 
PKA phosphorylates PDE4D3 to increases cAMP metabolism that ultimately 
represses the EPAC1-mediated block of ERK5. As well as being organized 
spatially, these signaling events appear to be regulated in a temporal fashion 
because PKA, PDE4D3 and EPAC1 react to different threshold levels of cAMP 
(Beavo and Brunton 2002). In rat neonatal ventriculocytes, this intricate 
mAKAP-mediated signaling complex was demonstrated to be involved in 
cytokine-induced cardiac hypertrophy (Dodge-Kafka et al. 2005), but similar 
complexes have the potential to regulate crosstalk between cAMP and ERK 
signaling in a wide variety of cell types.
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2.5.9 Myomegalin

A yeast two-hybrid screen to identify new PDE4D binding partners pulled out a 
very large, novel protein that was subsequently named myomegalin (Verde et al. 
2001). Myomegalin is a 2,324 amino acid protein that contains extensive regions of 
α-helix and coiled-coil structures. Other structural features include a region homol-
ogous to the ARP1-binding domain of the microtubule-associated protein, dynac-
tin, and a leucine zipper identical to that in the centrosomin protein of Drosophila. 
Myomegalin exists as multiple isoforms with a 230–250-kDa protein found 
enriched in rat skeletal and cardiac muscle, while a 62-kDa isoform was found only 
in rat testis. Myomegalin transcripts have also been detected at low levels in all cells 
studied including brain, lung and liver. PDE4D3 was demonstrated to colocalize 
with myomegalin in the Z band of the sarcomere and in the Golgi/centrosomal 
region of the testes (Verde et al. 2001). In cells co-transfected with myomegalin and 
PDE4D3, the two proteins were found to co-immunoprecipitate, co-localize at the 
golgi/centrosomal region, and myomegalin could also target PDE4D3 to the partic-
ulate fraction (Verde et al. 2001). The authors propose that myomegalin acts as a 
scaffold protein that tethers PDE4D3 in order to control local PKA activity (Verde 
et al. 2001). Yeast two hybrid analysis indicated that myomegalin interacts with the 
UCR2 region of PDE4D. Consistent with this, PDE4D3 and PDE4D2 could 
co-immunoprecipitate with myomegalin from the lysates of transfected COS7 cells, 
whereas the PDE4D1 short form failed to interact. It appears then that myomegalin 
interacts with certain PDE4D isoforms and targets them to specific subcellular 
locations. The fact that myomegalin interacts with the UCR2 regulatory domain 
means that myomegalin may interact with isoforms from other PDE4 families, 
which is an avenue of investigation that would be interesting to pursue.

3 Alternatives to PDE4 Catalytic Site Inhibitors

PDE4 enzymes have been the subject of extensive research because of the therapeutic 
potential of PDE4 inhibitors to treat a number of major disease areas. However, 
PDE4 inhibitors have been slow to fulfill this therapeutic potential because their use 
is associated with dose-limiting side effects such as nausea and vomiting. Despite 
concerted efforts to refine PDE4 inhibitors in order to improve efficacy and minimize 
side effects, current inhibitors are still largely non-selective. The universal inhibition 
of all PDE4 activity by non-selective inhibitors is undoubtedly a major factor in the 
generation of unpleasant side effects. The development of subtype and isoform selec-
tive inhibitors is therefore desirable in an effort to overcome the clinical limitations 
of non-selective inhibitors. The interest in sub-family selective inhibitors has only 
been heightened by studies, including those in knockout mice, that suggest that inhi-
bition of PDE4B is associated with the anti-inflammatory and immunomodulatory 
effects of PDE4 inhibitors, while inhibition of PDE4D is linked to anti-depressant 
effects, enhanced cognition, memory and also emesis (Jin et al. 2007; Zhang and 
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O’Donnell 2007). The design of highly selective inhibitors is, however, very difficult 
due to the fact that the catalytic sites of all the PDE4 sub-families are very similar. 
Ironically, the most progress has been made towards the development of PDE4D-
specific inhibitors (Giembycz 2001) when it is inhibition of this sub-family that is 
suggested to be responsible for the emetic effect of PDE4 inhibitors (Robichaud et al. 
2002). The development of isoform-specific inhibitors may help to dissect out the 
desirable psychopharmacological effects of PDE4D inhibitors from the undesirable 
emetic effects. However, PDE4 isoforms within a sub-family have identical catalytic 
sites, so conventional drug design targeted to the catalytic site cannot be used to dis-
tinguish between them. Overcoming the problems of isoform-specific inhibition will 
therefore require novel approaches and technologies.

Isoform-specific inhibition has been achieved, for the first time, in cultured cells by 
the use of small interfering RNA (siRNA) directed towards PDE4D3 and PDE4D5 
(Lynch et al. 2005). In this manner, PDE4D5 was identified as the functionally impor-
tant PDE4 species that interacts with β-arrestin to control the PKA/AKAP79-mediated 
switching of the β

2
AR to activation of the ERK pathway. The results of this study ele-

gantly demonstrate that particular PDE4 isoforms can have very specific, non-redun-
dant, functional roles, such that loss of the isoform gives rise to a phenotype. While 
this illuminates the potential therapeutic benefits of isoform-specific inhibition, the 
siRNA approach does not easily translate to the clinic. Future research into PDE4 iso-
form-specific inhibitors should perhaps then focus on the specific interactions and 
regulatory mechanisms of particular PDE4 isoforms. This offers two potential routes 
of new drug design, one being to design novel inhibitors that can recognize the cata-
lytic site of a specific isoform as it adopts a particular conformation mediated by its 
protein–protein interactions and regulatory phosphorylations. The second route is to 
develop compounds that do not target the catalytic site, but that instead ablate the func-
tion of a PDE4 isoform by disrupting its protein–protein interactions. This route is 
made more possible by the increasing knowledge of PDE4  protein–protein interactions 
and in particular the detailed information that can be gained from peptide array tech-
nology (see Sect. 3.1). Proof of principle for such an approach has recently been 
 provided through the development of cell-permeable peptides able to disrupt PDE4/
DISC1 interactions, PDE4D5/RACK1 and PDE4D5/barrestin in living cells (Murdoch 
et al. 2007; Smith et al. 2007). Meanwhile, the use of catalytically inactive PDE4 
species in a so-called dominant negative approach provides proof of principal that 
 disruption of specific interactions can give rise to functional effects (see Sect. 3.3).

3.1  Peptide Array Analyses to Identify Protein–Protein 
Interaction Sites

The introduction of peptide array technology has greatly increased the speed at 
which sites of protein–protein interaction can be mapped (Frank 2002; Bolger et al. 
2006; Baillie et al. 2007). In this technique, the sequence of one of the proteins of 
interest is used to generate a library of overlapping 25-mer peptides, each shifted 
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by five amino acids, across the entire sequence of the protein. The peptides are then 
immobilized onto nitrocellulose and probed with a tagged, recombinant form of the 
interacting protein. Positive spots identify peptides that may contribute to the pro-
tein–protein binding site, with the intensity of the spots being a measure of strength 
of interaction. Interacting peptides can then be used as a template to design progeny 
peptides, each with a single amino acid substitution, usually to alanine. Substitutions 
that lead to loss of binding indicate those amino acids that are critical to the interac-
tion. This information can then be used to generate mutations in the full-length 
proteins to confirm that the identified residues are also important in the context of 
the actual protein–protein interaction. Peptide array is a powerful technique that 
removes the guesswork from the time-consuming process of making mutants and 
so greatly facilitates the mapping process, which can be of particular importance 
when there is no structural information on which to base the generation of mutants. 
However, when structural information is present, then peptide array data coupled to 
structural information can rapidly facilitate further investigations using mutagene-
sis to define sites and to facilitate the generation of peptidomimetics.

This technique was recently utilized to define the binding sites for the signaling 
scaffold proteins, β-arrestin and RACK1, on PDE4D5 (Bolger et al. 2006) (Fig. 4). 
Conventional mapping methods had already shown that there was a RACK1 inter-
action domain (RAID1) in the unique N-terminal region of RACK1 (Yarwood et al. 
1999; Bolger et al. 2002), whose structure has recently been delineated by 1H-
NMR (Smith et al. 2007). Reassuringly, the peptide array technique identified the 
same N-terminal region, but also identified a second RACK1-binding site in the 
catalytic region of PDE4D5 that was later confirmed by two-hybrid analysis. Two 
known binding sites were also confirmed for β-arrestin, and use of scanning alanine 
arrays extended previous studies by pinpointing the critical residues. Simultaneous 
overlay of the PDE4D5 peptide array with both proteins, in conjunction with dual 
labeling and detection using the Odyssey system, revealed that RACK1 and 
β-arrestin do indeed compete for their overlapping binding sites on PDE4D5 
(Bolger et al. 2006). Thus, the use of peptide arrays has allowed the elucidation of 
a mechanism whereby the availability of RACK1 has important implications for the 
regulation of the β

2
AR by β-arrestin and PDE4D5 (see Sect. 2.5.6).

A peptide array approach was also used to define the binding sites for PDE4D5 on 
β-arrestin2 (Baillie et al. 2007). A comparison of β-arrestin2 peptide arrays  overlain 
with either PDE4D3 or PDE4D5 revealed a region in the N-domain of 
β-arrestin2 that interacts with the common region of PDE4D and two sites in the 
C-domain that mediate specific interaction with PDE4D5. Subsequent alanine scan-
ning peptide array analysis identified the key interacting residues at each site. 
Transfection of wild-type β-arrestin2 into β-arrestin1/2 knockout mouse embryonic 
fibroblasts was shown to result in a marked decrease in agonist-mediated PKA phos-
phorylation of the β

2
AR. However, transfection of β-arrestin2 carrying mutations in 

any of the critical residues identified by peptide array failed to reduce β
2
AR phospho-

rylation, despite their recruitment to the β
2
AR upon agonist stimulation. This peptide 

array-based approach has therefore revealed that PDE4D5 has to interact with both 
the N- and C- domains of β-arrestin2 in order to effect regulation of the β

2
AR.
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3.2 Disruptor Therapeutics

Interacting peptides identified by peptide array analyses also have the potential to be 
used to develop therapeutic agents to disrupt protein–protein interactions. It has 
become evident that targeting and compartmentalization are fundamental to the 
functioning of PDE4s, such that disrupting protein–protein interactions with com-
peting peptides can be predicted to abolish specific functioning of an isoform. 
Peptides themselves do not make good pharmacological agents due to problems of 
delivery, poor bioavailability and metabolic instability. However, interacting pep-
tides can be used as a basis to design small molecule peptidomimetics that retain the 
ability to bind to the biological target, but that avoid the problems associated with 
natural peptides (Adessi and Soto 2002). These small molecule therapeutics 
will not be without their problems; for example, peptide-based drugs might be 
expected to be less soluble than existing PDE4 inhibitors. Additionally, the disruption of 
pre-existing protein–protein interactions may be problematic if their affinity is high, 
although in chronic disease states, continuous treatment with a small molecule dis-
ruptor could block the site of interaction on nascent proteins before they have the 
chance to form any high-affinity interactions. Despite these anticipated problems, 
this new class of PDE4 inhibitors would have the advantage of being highly specific, 
which would hopefully eliminate the side effects associated with current inhibitors and 
so be of great benefit in the treatment inflammatory disease, auto-immune disease and 
depression.

3.3  Dominant Negative Approach to Inhibition 
by Displacement

The dominant negative approach, pioneered by the Houslay laboratory, has provided 
proof of principle that disruption of PDE4 activity by displacement from its appro-
priate scaffold(s) can give rise to functional effects (Perry et al. 2002; Baillie et al. 
2003; Lynch et al. 2005; McCahill et al. 2005; Bolger et al. 2006). This technique 
involves the over-expression of certain PDE4 isoforms that have been engineered to 
be catalytically inactive. Over-expression results in the displacement of the corre-
sponding, active, endogenous PDE4 from its functionally relevant anchor site, 
thereby providing a dominant negative action. The displaced endogenous PDE4s are 
rendered non-functional, not by catalytic inhibition, but because they have been 
removed from their appropriate site of action. Catalytically inactive PDE4 species 
were generated by making point mutations in the catalytic unit of the enzyme. 
A number of residues were carefully selected as targets for mutagenesis based on the 
three-dimensional structure of the catalytic unit of PDE4B2 as determined by Xu 
et al. (2000). The catalytic unit is proposed to consist of 17 α-helices that form three 
separate sub-domains. The presumed cAMP binding site is within a deep pocket, at 
the bottom of which are two metal ions, essential for catalysis, which bind to amino 
acid residues that are conserved in all PDE4 family members. Seven amino acid 
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residues that were predicted to play critical roles in catalysis (Xu et al. 2000), and 
that were also absolutely conserved were selected for individual mutagenesis to 
alanine. The original test mutations were performed in PDE4D3 rather than 
PDE4B2 so the cognate sites were Tyr 325, His 326, His 330, His 366, His 370, Asp 
484 and Glu 505. Lysates from cells transfected with these PDE4D3 point mutants 
were found to have PDE activity between 96 and 98% lower than lysates from cells 
transfected with wild type PDE4D3, indicating that all the mutated species are effec-
tively catalytically inactive (M. Magiera, unpublished data).

Subsequently, mutations to alanine at the site equivalent to Asp 484 in 
PDE4D3 have been made in a number of other PDE4 isoforms to generate cata-
lytically inactive species that have been over-expressed to gain insight into the 
functional role of tethered PDE4 isoforms within cells (Perry et al. 2002; Baillie 
et al. 2003; McCahill et al. 2005). The catalytically inactive PDE4D5 isoform 
(Asp 556 Ala) in particular has been used in a number of elegant studies to dem-
onstrate the role this isoforms plays in β-adrenergic signaling (Perry et al. 2002; 
Baillie et al. 2003; Lynch et al. 2005; Bolger et al. 2006). In HEK293B2 cells, 
stimulation of the β

2
AR results in β-arrestin-mediated recruitment of PDE4D5 to 

the β
2
AR where it lowers local cAMP levels, consequently lowering PKA activ-

ity, which prevents PKA phosphorylation of the β
2
AR and thus attenuates switch-

ing from Gs-mediated stimulation of AC to Gi-mediated activation of ERK 
(Baillie et al. 2003). RNA silencing of PDE4D5 mimicked the inhibitory effect 
of rolipram in that it enhanced agonist-stimulated PKA phosphorylation of the 
β

2
AR and activation of ERK, thus indicating that PDE4D5 is the functionally 

important PDE4 isoform involved in modulating β
2
AR signaling (Lynch et al. 

2005). Although this approach identified PDE4D5 as the functionally relevant 
isoform, it revealed nothing of the importance of anchored PDE4D5 populations 
versus the entire cellular pool of PDE4D5. A dominant negative approach was 
therefore employed to investigate this (Fig. 5). Over-expression of catalytically 
inactive PDE4D5 exerted a dominant negative effect in enhancing agonist-stimu-
lated ERK activation, presumably by displacing active endogenous PDE4D5 
from its interaction with β-arrestin, preventing agonist-mediated delivery of 
PDE4D5 to the β

2
AR, resulting in an increase in local cAMP. However, using a 

catalytically inactive PDE4D5 construct containing an additional point mutation 
in the unique N-terminal region known to prevent its interaction with β-arrestin 
abolished the dominant negative effect of catalytically inactive PDE4D5. This 
showed unequivocally that PDE4D5 must bind to β-arrestin in order to modulate 
agonist-stimulated ERK activation via β

2
AR switching. The use of a dominant 

negative strategy thereby confirmed and extended the data obtained from RNA 
silencing in showing that PDE4D5 was indeed the functionally important iso-
form regulating the β

2
AR, but also that compartmentalization by tethering to 

β-arrestin was critical for it to exert that function. The dominant negative 
approach is therefore a powerful technique for elucidating the functions of tar-
geted PDE4 isoforms and can be used in conjunction with information gleaned 
from peptide array analyses to generate catalytically inactive constructs that also 
have a mutation at a critical site of protein–protein interaction and so fail to be 
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appropriately targeted. Furthermore, the fact that displacement of a PDE4 isoform 
from its  cellular anchor site has been shown to be sufficient to abolish its function 
provides  credence for the concept of generating novel inhibitors that work by 
disrupting protein–protein interactions and can therefore be designed to be iso-
form or even function specific.

4 Conclusions

The PDE4 family of cAMP-degrading enzymes has been the focus of extensive 
research due to the wide range of pathological conditions and disease states that 
could potentially benefit from treatment with PDE4 inhibitors. Significant 
advances have recently been made in the understanding of PDE4 biology and the 
role it plays in specific signaling systems, however, this has only served to high-
light the complexity of the involvement of PDE4 isoforms in signaling mecha-
nisms and so has emphasized that much more remains to be uncovered. A number 
of proteins that bind to PDE4 have been identified and their interactions partially 
characterized, but undoubtedly a myriad of interacting partners still await discov-
ery before we can even begin to understand their functions. It is clear, however, 
that PDE4 enzymes are fundamental to the compartmentalization of cAMP sign-
aling and are involved in both the spatial and temporal regulation of signal dis-
semination. It is also becoming increasingly clear that they are positioned to 
integrate crosstalk with other major signaling pathways such as the ERK MAP 
kinase pathway, which controls many critical cellular functions. The PDE4 family 
comprises some 20 distinct isoforms with it being entirely possible that the list 
of known PDE4 isoforms is incomplete. The isoforms identified to date have 
been very highly conserved between species, despite evolutionary pressure, sug-
gesting that they will all transpire to have important functions with minimal 
redundancy. It is possible that the same isoform will perform different functions 
in different cell types dependent on the cell-specific expression of binding part-
ners. In fact, the observed cell-specific action of certain inhibitors is likely a con-
sequence of the availability of different interacting species that all serve to 
influence PDE4 localization, conformation and regulation. It will therefore be of 
increasing importance to the development of therapeutic inhibitors that PDE4 
isoforms and their binding partners are studied in the appropriate cells or tissues 
that will act as targets for therapeutics, for example, cells of the CNS or inflam-
matory cells. Increased knowledge of the protein–protein interactions of PDE4 
and the processes they regulate will be facilitated by techniques such as peptide 
array, dominant negative displacement and RNA silencing. This enhanced under-
standing will aid in the design of increasingly specific PDE4 inhibitors, which 
target unique isoforms by virtue of their protein–protein interactions. Hopefully, 
isoform-specific PDE4 inhibitors will eliminate the prohibitive side effects seen 
with current universal PDE4 inhibitors and thereby allow PDE4 inhibitors to 
fulfill their promise as therapeutic agents.
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G-Protein-Coupled Receptor-Signaling 
Components in Membrane Raft and Caveolae 
Microdomains
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Abstract The effi ciency of signal transduction in cells derives in part from 
subcellular, in particular plasma membrane, microdomains that organize signaling 
molecules and signaling complexes. Two related plasma membrane domains that 
compartmentalize G-protein coupled receptor (GPCR) signaling complexes are 
lipid (membrane) rafts, domains that are enriched in certain lipids, including 
cholesterol and sphingolipids, and caveolae, a subset of lipid rafts that are enriched 
in the protein caveolin. This review focuses on the properties of lipid rafts and 
caveolae, the mechanisms by which they localize signaling molecules and the 
identity of GPCR signaling components that are organized in these domains. 

1  Cellular Compartments as Signaling Microdomains: 
A General Overview

A large number of pharmacologically important signaling molecules localize in the 
plasma membrane, and as such, differential expression of such molecules in various 
cell types and tissues is an over riding principle that dominates drug development 

P.A. Insel
University of California, San Diego Department of Pharmacology, 9500 Gilman Drive, BSB 3076, 
La Jolla, CA 92093-0636, USA
pinsel@ucsd.edu

Contents

1 Cellular Compartments as Signaling Microdomains: A General Overview . . . . . . . . . . . . 167
2 Specialized Plasma Membrane Compartments: 

Membrane/Lipid Rafts vs. Caveolae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
3 Determinants of Membrane Raft/Caveolae Localization . . . . . . . . . . . . . . . . . . . . . . . . . . 170
4 Membrane Rafts/Caveolae in Signal Transduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
5 GPCR/G-Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

5.1 Specifi c Signal Transduction Pathways . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
6 Questions to Consider for Future Investigations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

E. Klussmann, J. Scott (eds.) Protein–Protein Interactions as New Drug Targets.  167
Handbook of Experimental Pharmacology 186,
© Springer-Verlag Berlin Heidelberg 2008



168 H.H. Patel et al.

and usage. The plasma membrane is one of several cellular organelles (others 
include the nucleus, Golgi apparatus and mitochondria) that can be readily recog-
nized using light and/or electron microscopy. Subcellular fractionation methods 
have provided the principal starting point for the application of biochemical and 
biophysical methods to assess the properties and functions of such organelles. 
Substantial evidence, however, supports the view that preparations derived from 
the use of fractionation methods are quite heterogeneous, with differences in 
protein and lipid composition, as well as in organelle-specific functional activities. 
Thus, there are generally no “gold standard” methods to isolate “pure” organelles, 
in particular, the plasma membrane and its sub-domains. Such plasma membrane 
regions show unique patterns of expression of molecular components and func-
tional activities, as well as, in some cases, unique anatomic features; examples 
include the apical and basolateral membranes of epithelial cells, luminal and ablu-
minal membranes of endothelial cells, and dendritic, axonal and cell body membranes
of neurons. 

Plasma membrane receptors are critical sites of action for a large number of 
currently used drugs and drugs in development. Such receptors include G-protein-
coupled receptors (GPCR), the largest membrane receptor super-family in eukaryotic
genomes, and post-GPCR components, e.g., heterotrimeric G-proteins and G-protein-
regulated effector molecules, which are the three necessary and sufficient components
that mediate signal transduction by GPCR. In native cell systems, the level of 
expression of the three key components is: GPCR, typically <10,000–1 cell for indi-
vidual GPCR that link to G

s
 and G

i
; G-proteins (∼1,000,000–1 cell) and effectors 

(∼30,000–1 cell in the case of adenylyl cyclase), thus yielding a stoichiometric ratio 
of ∼1:100:3 for GPCR that act via G

s
 and G

i
 to regulate the activity of adenylyl 

cyclase (Ostrom et al. 2000). Limited data are available for the stoichiometric ratios 
of other classes of heterotrimeric G-proteins and the GPCRs and effectors with 
which they interact.

Knowledge of these stoichiometric relationships among the critical GPCR sign-
aling components is not sufficient information to explain the speed, fidelity and 
extent of response (measured as second messenger generation) to GPCR agonists, 
including the selectivity of activation of distal effectors. Such observations have 
provided a rationale in support of the concept of compartmentation of GPCR and 
components distal to the receptors (Lucero and Robbins 2004; Ostrom and Insel 
2004; Pike 2004). The identification of plasma membrane domains that organize 
and compartmentalize GPCR and post-GPCR signaling components has helped 
provide both anatomic and functional evidence for membrane microdomains 
involved in signal transduction by GPCR. Such microdomains include clathrin-
coated pits, membrane/lipid rafts, teteraspanins and caveolae (“little caves”), a 
subset of membrane/lipid rafts. In this review, we focus on rafts and caveolae. 
Other articles provide overviews on clathrin-coated pits (Lefkowitz and Shenoy 
2005; Luttrell and Lefkowitz 2002; von Zastrow 2003) and tetraspanins 
(Berditchevski and Odintsova 2007). 



G-Protein-Coupled Receptor-Signaling Components in Membrane 169

2  Specialized Plasma Membrane Compartments: 
Membrane/Lipid Rafts vs. Caveolae

Membrane/lipid rafts are defined by their enrichment in cholesterol and other lipids, 
including glycosphingolipids, in the outer leaflet of the lipid bilayer of the plasma mem-
brane. This specialized lipid composition creates membrane regions that have greater 
order and less fluidity than more disordered portions with less densely packed phos-
pholipids (Pike 2003). Membrane/lipid rafts are found in virtually every eukaryotic cell, 
but cannot be readily visualized by either light or electron microscopy. Accordingly, 
some believe their existence is more operational than anatomic (Carver and Schnitzer 
2003; Munro 2003). A recent, consensus definition replaced the name “lipid rafts” with 
“membrane rafts” and defined them as “small (10–200 nm), heterogeneous, highly 
dynamic, sterol- and sphingolipid-enriched domains that compartmentalize cellular 
processes,” noting that caveolae are a subset of membrane rafts (Pike 2006). Precise 
information about the biology of membrane rafts (the term that we shall use throughout 
the remainder of this review) remains limited, in part because of the limitations of tech-
niques available for their study (Helms and Zurzolo 2004; Jacobson et al. 2007).

A challenge in defining the biological role of membrane rafts derives from the lack 
of universally accepted methods for their isolation and, as a result, controversies with 
respect to their expression and properties (Carver and Schnitzer 2003; Jacobson et al. 
2007; Lucero and Robbins 2004; Munro 2003; Pike 2003, 2004). Nevertheless, sub-
stantial data support the existence of membrane rafts and have contributed to impor-
tant revisions in ideas regarding the organization of plasma membrane components.
Older models of membrane organization hypothesized a lipid “sea” with protein 
“islands” (e.g., the fluid mosaic model, Singer and Nicolson 1972) and that required 
the collision of protein components (“collision coupling,” Bergman and Hechter 
1978) to facilitate biochemical reactions, including signal transduction events. Such 
notions have been modified to accommodate findings that imply an organization of 
the plasma membrane with co-localization of signaling components (Marguet et al. 
2006). Co-localization in lipid microdomains helps explain the efficiency of certain 
biochemical events (e.g., signal transduction by GPCR) that occur in the plasma 
membrane environment and that might otherwise be constrained by both the low 
concentration and relative inaccessibility of reactants. 

Unlike the virtually ubiquitous expression of membrane rafts in eukaryotic cells, 
many cell types (with certain exceptions, e.g., erythrocytes, lymphocytes and neu-
rons) also express caveolae. Caveolae were first identified by electron microscopy as 
~100-nm invaginations of the plasma membrane (Palade 1953; Yamada 1955). 
Caveolae have a lipid composition similar to that of membrane rafts, but in 
addition, caveolae possess other proteins, including an organelle-specific, structural 
protein, caveolin (Kurzchalia et al. 1992; Rothberg et al. 1992) and more recently iden-
tified, cavin (Hill et al. 2008; Liu and Pilch 2008). As a molecular tag for caveolae, 
caveolin facilitates biochemical, cell and molecular biological and pharmacological 
analyses of caveolar microdomains, as well as contributing to the functions of caveolae 
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(Cohen et al. 2004; Liu et al. 2002; Morris et al. 2004; Ostrom and Insel 2004; 
van Deurs et al. 2003). Other proteins may also be uniquely expressed in caveolae. 
One example is flotillins/reggies, but since they are also found in cells that lack cave-
olae and in non-caveolar membranes, flotillins/reggies cannot be considered “caveo-
lae-specific” proteins (Lucero and Robbins 2004). The three known caveolins, 
caveolin-1, -2 and -3, have a similar overall structure, but differ in primary sequence 
and tissue expression (van Deurs et al. 2003). An important feature of caveolin-3 is 
its unique expression in myocytes, in particular skeletal and cardiac myocytes. A 
large number of studies that have been published regarding caveolins involve the use 
of biochemical and cell biological approaches, or in recent years, analyses of mice in 
which each caveolin has been knocked out; results of such studies indicate that the 
three caveolins are non-identical in their ability to regulate enzymatic and other func-
tional activities (Cohen et al. 2004; Insel and Patel 2007; van Deurs et al. 2003). 

3 Determinants of Membrane Raft/Caveolae Localization

In spite of the localization of certain GPCR and post-receptor signaling components 
in rafts or caveolae (as we shall discuss in more detail subsequently), the precise 
determinants of this localization are not known. Certain GPCR and post-receptor 
signaling components show cell-selective patterns of localization in those microdo-
mains, but no generally accepted explanation for such patterns is as yet available. 
Possible explanations for these patterns include:

Protein–protein interaction: Interactions of particular proteins might be favored 
because of charge, size and/or steric factors, but why such factors should differ in 
a cell-type-selective manner is not clear. For GPCR, the ability to form oligomers 
with different composition may contribute to such localization (Nichols 2003). It 
has been proposed that the localization of receptor tyrosine kinases (RTK) in mem-
brane microdomains is attributable to protein–protein binding by sequences in the 
extracellular domain of the receptors; for the EGFR a 60-amino-acid region medi-
ates targeting to rafts/caveolae (Pike 2005; Yamabhai and Anderson 2002). 

Lipid–protein interaction: Lipid composition is important for rafts and caveolae 
with differences among different cell types or in the nature of the lipids in different 
portions of the plasma membrane (Park et al. 2004; Rothberg et al. 1992). Although 
such differences might contribute to changes in localization of proteins during 
states of altered lipid composition, or perhaps to cell-specific patterns of localization,
direct evidence for this idea has not been provided. Lipid modification of proteins, 
perhaps most importantly palmitoylation and myristoylation, contribute to the 
localization of G-protein-signaling components in raft/caveolae domains (Ratajczak 
et al. 2003; Razzaq et al. 2004; Resh 2006; Rodgers et al. 2005).

Caveolin–associated proteins: Caveolin-associated proteins might also contribute 
to differences in the localization of signaling molecules. The caveolin scaffolding 
domain (CSD), a hydrophobic region in the cytoplasmic amino terminal tail that 
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interacts with protein “partners” through hydrophobic interactions, has been 
proposed as a – or perhaps the – critical region by which signaling proteins interact 
with caveolins (Becher and McIlhinney 2005; Chini and Parenti 2004), but it is dif-
ficult to fathom how such an ~20-amino-acid domain accommodates such a large 
number and array of proteins (see below). Are there other regions on caveolins that 
bind signaling proteins or is there a supramolecular assembly, whereby multiple 
signaling proteins create a “caveolin signaling particle,” akin to protein complexes 
involved in other cellular events (transcription, translation, secretion, etc.)? Use of 
proteomic methods to analyze caveolin-bound proteins in cells treated under vari-
ous experimental conditions should prove useful in defining the existence (or not) 
of “caveolin signaling particles.” Proteomic methods have shown that a large 
number of proteins localize to caveolae (Banfi et al. 2006; Durr et al. 2004; Foster 
et al. 2003; McMahon et al. 2006; Sprenger and Horrevoets 2007), either via their 
interaction with the CSD or by localization in the caveolar lipid microenvironment. 
Proteomic approaches should prove useful in revealing the full range of protein 
partners in caveolae, as well as changes in the amount and nature of these partners 
that occur in physiological states, with drug treatment or in disease. 

4 Membrane Rafts/Caveolae in Signal Transduction

Membrane rafts and caveolae regulate a wide variety of cellular activities, including 
nutrient transport, endocytosis, exocytosis, transcytosis, viral entry and budding, as well 
as receptor and ion channel expression, activation and desensitization (Cohen et al. 
2004; Liu et al. 2002; Morris et al. 2004; Parton and Simons 2007; van Deurs et al. 
2003). The term “caveosome” has been proposed to identify a caveolin-containing 
endosome that mediates endocytosis in a manner akin to, but independent of, the clath-
rin-coated pit/clathrin-coated vesicle endocytic pathway (Carver and Schnitzer 2003; 
Nichols 2003). Certain proteins, e.g., glycosylphosphatidylinositol (GPI)-linked pro-
teins, preferentially localize in membrane rafts/caveolae. Important receptor-regulated 
events, e.g., shear-stress and calcium release, are among the cellular responses that 
occur in caveolae. Moreover, changes in expression or activity of rafts/caveolae have 
been implicated in aging and disease-associated alterations in cell function, including in 
signal transduction (Gratton et al. 2004; Park et al. 2004; Patel et al. 2007a,b; Ratajczak 
et al. 2003; Schutzer et al. 2005; Simons and Ehehalt 2002; van Deurs et al. 2003).

The raft/caveolar localization of signaling components, including GPCR path-
way components, provides an arrangement whereby agonists can promote rapid, 
high fidelity activation of signaling pathways, especially pathways that require 
interaction of multiple proteins. The “caveolin signaling hypothesis” proposes that 
interaction of signaling proteins with the CSD (Fig. 1) regulates signal transduction 
events by sequestering components away from their signal transduction partners, 
such that in the “basal” state signaling is inhibited, but co-localization in caveolae 
facilitates the interaction of components upon activation of the signaling pathway 
(Cohen et al. 2004; Liu et al. 2002; Okamoto et al. 1998; van Deurs et al. 2003).
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The co-expression of plasma membrane-localized GPCR, heterotrimeric (and 
certain low molecular weight) G-proteins and G-protein-regulated effectors in 
caveolae likely contributes to efficient activation and amplification of GPCR signaling
events. In the following sections, we discuss classes of signal transduction proteins 
that localize in rafts/caveolae.

5 GPCR/G-Proteins

A large number of GPCRs localize in membrane rafts/caveolae either before (e.g., 
ß-adrenergic receptor sub-types) or after treatment with agonists (e.g., certain mus-
carinic cholinergic and bradykinin receptors, Table 1). Agonists of certain GPCRs 
can promote the entry of receptors into raft/caveolar domains, while for other 

Fig. 1 (a) Electron micrograph showing caveolae on pulmonary artery smooth muscle cells. 
(b) Schematic depicting caveolae, caveolae resident proteins and proteins interacting with the 
caveolin scaffolding domain (CSD). G-protein coupled receptor (GPCR); adenylyl cyclase (AC);
protein kinase A (PKA); protein kinase C (PKC); receptor tyrosine kinase (RTK); epidermal 
growth factor receptor (EGF-R); insulin receptor (I-R); platelet-derived growth factor receptor 
(PDGF-R); vascular endothelial growth factor receptor (VEGF-R); endothelial nitric oxide 
synthase (eNOS); mitogen activated protein kinase (MAPK)
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GPCRs, agonists promote the exit from these domains, perhaps as a prelude to 
receptor internalization/endocytosis and desensitization (Cohen et al. 2004; van 
Deurs et al. 2003). While certain GPCR internalize in response to agonist activation 
following phosphorylation by G-protein-receptor kinase, interaction with ß-arrestins
and internalization via clathrin-coated pits, other GPCR are phosphorylated by 
protein kinase A (PKA) and then internalized from caveolae (Morris et al. 2004). 
The precise contribution of rafts/caveolae to GPCR desensitization and inter-
nalization, in terms of the full-range of GPCR and cell types, has not yet been 
defined (Chini and Parenti 2004). The angiotensin-1 receptor is an example of a 
GPCR for which receptor-caveolin interaction appears to be important for sorting 
and delivery to the plasma membrane (Wyse et al. 2003). Other such examples 
have not been reported, although palmitoylation of a GPCR, for example, of the 
5-HT1A receptor, can target it to rafts and facilitate receptor-mediated signal 
transduction (Renner et al. 2007). 

As implied by the caveolin-signaling hypothesis, these microdomains bring 
“downstream” effectors and receptors together so as to facilitate receptor-, tissue- and 
cell-specific signal transduction (Cohen et al. 2004; Insel and Patel 2007; Ostrom and 
Insel 2004). The interaction of effectors with caveolins (via the CSD) or other caveo-
lae-associated proteins are thought to be key to their targeting to caveolae. In 
addition, in response to stimulation, reversible palmitoylation may aid in caveolar 
localization of proteins by helping to regulate the movement of molecules into and 
out of caveolae (Lee et al. 2001; Parat and Fox 2001; Song et al. 1997).

Table 1 Examples of G-protein-coupled receptors that localize in lipid raft/caveo-
lae prior to (“pre-agonist”) and/or after (“post-agonist”) treatment with agonists

 Pre-agonist Post-agonist

Endothelin (ETA, ETB) + +
Cholecystokinin (CCK) +
Muscarinic cholinergic + +
Bradykinin (B

1
 and B

2
) + +

Lysophosphatidic acid (LPA-1) +
Angiotensin II (AT-1) +
β

1
- and β

2
- adrenergic +

P
2
Y (P

2
Y

1
) + 

Adenosine A1 + +
Sphingosine 1-phosphate (EDG-1) + +
Smoothened/patched + 
Serotonin (5HT

2A
) + 

Calcium-sensing receptor +
α

1
-adrenergic (α

1B
) + 

Chemokine CCR
2

+
Metabotropic glutamate (mGlu1) +
Gonadotrophin-releasing hormone (GnRH)  +
Oxytocin + 
Growth-hormone releasing-hormone +
Dopamine (D

1
; D(1A) ) + +

Mu-opioid receptor +
Neurokinin 1 +
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Heterotrimeric G-proteins localize to caveolae and directly interact with caveolin 
(Insel et al. 2005; Ostrom and Insel 2004) in a manner that helps maintain Gα-
proteins in an inactive, GDP-bound state (Couet et al. 1997; Li et al. 1995, 1996; 
Murthy and Makhlouf 2000). Agonist stimulation can promote exchange of GTP 
for GDP and Gα redistribution to the cytoplasm, an effect blocked by the CSD 
(Murthy and Makhlouf 2000), suggesting that binding to the CSD regulates G-pro-
tein function. Localization of Gα-proteins in caveolae may facilitate coupling to 
particular signaling pathways (Bhatnagar et al. 2004; Head et al. 2005; Iiri et al. 
1996; Li et al. 1995; Oh and Schnitzer 2001). Certain heterotrimeric G-protein 
subunits, such as Gαs, show a diffuse distribution on sucrose density gradients that 
are used to isolate caveolin-rich fractions; the Gα proteins can be detected in both 
caveolin-enriched (buoyant) and non-buoyant fractions (Cho et al. 2003; Cohen 
et al. 2004; Ostrom and Insel 2006). Heterotrimeric G-protein subunits can differ-
entially localize to caveolae vs. membrane rafts (Head et al. 2005; Li et al. 1995; 
Oh and Schnitzer 2001). Palmitoylation enhances targeting of Gα subunits to caveolae
(Song et al. 1997); Gβγ can increase the palmitoylation of Gα, suggesting that this 
covalent modification may enhance interaction of caveolae and Gα (Iiri et al. 1996). 
Localization of Gα subunits in caveolae and interaction with the CSD is thus likely 
important for heterotrimeric G-protein signaling (Oh and Schnitzer 2001). 

Certain small GTP-binding proteins (e.g., H-ras) also reside in caveolae, perhaps 
via palmitoylation of the C-terminal hypervariable region (CAAX motif) (Prior 
et al. 2001; Roy et al. 2005) and/or via interaction with the CSD (Li et al. 1995; 
Song et al. 1996). Activating mutations in H-Ras (e.g., G12V) prevent its interaction 
with caveolin and maintain an active conformation of the protein; such mutations 
are found in human cancers, suggesting that agents able to mimic this inhibitory 
action of caveolin have therapeutic potential in Ras-expressing cancers (Cavallo-
Medved et al. 2005; Engelman et al. 1998). 

5.1 Specific Signal Transduction Pathways

5.1.1 NO Signaling

Binding of eNOS to caveolin and the inhibition of eNOS activity by this interac-
tion is the most well-studied example of a caveolin-signaling partner interaction 
(Feron et al. 1998; Feron and Balligand 2006; Venema et al. 1997). Regions on 
caveolins-1 and -3 that correspond to the CSD can suppress eNOS activity (Garcia-
Cardena et al. 1997). Loss of caveolin expression increases eNOS activity (Razani 
et al. 2001), which implies that caveolin regulates this activity under basal condi-
tions and that disruption of the binding of eNOS to caveolin would increase NO 
production. The interaction of eNOS and caveolin thus appears to have two 
consequences: direct interaction with caveolin basally to maintain an inactive 
enzyme and enrichment of eNOS in caveolae to provide for a rapid, high-fidelity 
response upon stimulation (Sbaa et al. 2005).
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5.1.2 cAMP Pathway

Adenylyl cyclase (AC), cyclic nucleotide phosphodiesterase and PKA, all of which 
are important signaling components in the cAMP pathway, are among a number of 
downstream effectors of GPCR signaling that can target to rafts/caveoale and mod-
ulate cellular function. Such organization can compartmentalize cAMP signals by 
creating cellular microdomains that have greater (or lesser) levels of cAMP (see 
below). As with eNOS, the CSD region of caveolin, in particular of caveolin-1 and -3, 
can inhibit mediators involved in cAMP signaling; moreover, increases in cAMP 
can down-regulate the expression of caveolin (Yamamoto et al. 1999).

Willoughby and Cooper (2007) have recently reviewed the regulation of AC in 
specific microdomains. Caveolin (in particular the CSD region of caveolins-1 
and -3) can inhibit activity of AC isoforms; this inhibition is AC isoform-specific, 
for example, with greater inhibition of AC types 5 and 3 (Toya et al. 1998; 
Willoughby and Cooper 2007). The cytosolic domains of the Ca2+-sensitive ACs 
(AC5 and AC8) are particularly important for targeting the cyclases to rafts 
(Crossthwaite et al. 2005). Certain isoforms of AC and regulators of AC (e.g., 
GPCR, G-proteins, eNOS, etc.) are enriched in caveolae, helping to modulate 
cAMP generation in this membrane domain, especially because various GPCRs 
couple with different efficiencies to AC in caveolae (Ostrom et al. 2001, 2004). 
Superactivation of AC, which can occur with opiate treatment of cells, may 
depend on the long-term stimulation of opioid receptors that localize to rafts/
caveolae along with AC (Zhao et al. 2006). Disruption of membrane rafts/caveolae
using methyl-β-cyclodextrin (MβCD, a cholesterol depleting agent, Fig. 2), colchi-
cine (which disrupts cellular microtubules) or cytochalasin D (which disrupts
microfilaments) relocates AC to non-buoyant membranes in parallel with an 

Fig. 2 Electron micrographs of adult rat cardiac myocytes showing effects of the cholesterol-
depleting agent methyl-beta-cyclodextrin (MbCD). (a) control; (b) MβCD; (c) cholesterol-loaded
MβCD. MβCD is able to deplete membrane cholesterol and thereby disrupt caveolae. Cholesterol-
loaded MβCD serves as a control for effects of MβCD that are independent of cholesterol
removal
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enhancement in β-adrenergic agonist-stimulated cAMP generation; such results 
imply that interaction of cytoskeletal components with membrane rafts/caveolae 
regulates activation of AC by GPCR (Head et al. 2006). Because stimulation of 
cAMP synthesis can reduce the expression of caveolin mRNA and protein 
(Yamamoto et al. 1999), a feedback loop may exist between cAMP levels and 
caveolin expression. The findings with the cytoskeletal inhibitors, some of which 
are used therapeutically (e.g., colchicine for gout and vinblastine for cancer 
chemotherapy), suggest that regulation of membrane rafts/caveolae contributes to 
the therapeutic utility of such agents. 

The enzymes that hydrolyze cAMP and cGMP, cyclic nucleotide phosphodieste-
rases (PDEs), help compartmentalize cyclic nucleotide signals in cells by acting as 
barriers that establish cyclic nucleotide gradients, thereby influencing post-cAMP 
responses (Baillie et al. 2005; Houslay et al. 2007). PDEs can link to scaffolding 
complexes in subcellular compartments, in part due to PDE isoform-unique N-termi-
nal regions (Lynch et al. 2006) (e.g., PDE4), and can associate with membrane rafts 
before or after agonist stimulation (Abrahamsen et al. 2004). At least one PDE iso-
form, PDE3B, localizes to caveolae and co-immunoprecipitates with caveolin-1 
(Nilsson et al. 2006); it is unknown whether other PDEs also localize to caveolae.

The targeting of PDEs to membrane microdomains in the basal state seems 
counterintuitive since such localization would be predicted to enhance cyclic nucleotide
hydrolysis, thereby inhibiting signal transduction. However, because PDE3B 
expression is reduced in adipocytes from caveolin-1-knockout mice or when caveo-
lin-1 expression is lowered by MβCD, interaction with caveolin-1 may stabilize or 
activate PDE3B. Such findings contrast with evidence that caveolin-1 associates 
with PDE5 (a cGMP-specific PDE) in pulmonary artery smooth muscle cells in 
which overexpression of caveolin-1 decreases, while siRNA-promoted decrease in 
caveolin-1 increases PDE5 expression (Murray et al. 2006). This inverse relation-
ship may occur by indirect mechanisms, perhaps by adapter proteins, as typified by 
the interaction of PDE4A4 with the SH3-domain of Src protein tyrosine kinases 
(McPhee et al. 1999). 

Both the CSD and C-terminus of caveolin-1 can interact with PKA and inhibit its 
activity (Razani and Lisanti 2001; Razani et al. 1999). Caveolae-localized PKA may 
contribute to its regulation of proteins, such as ATP-dependent K+ channels in 
smooth muscle cells (Sampson et al. 2004) and eNOS in endothelial cells (Heijnen 
et al. 2004). The interaction of caveolin-1, PKA and eNOS via the CSD may organ-
ize these entities into a multi-component complex in caveolin oligomers that produces 
inhibited enzyme activity (Levin et al. 2007). De-oligomerization of caveolins and 
release of the “caged” enzymes would then lead to enzyme activation.

The results showing that both cAMP generation and hydrolysis can occur in 
near-membrane environments implies that cells possess different “pools” of cAMP 
and perhaps of proteins that contribute to cAMP action (e.g., PKA, Epac, cyclic 
nucleotide-gated channels, A-kinase-anchoring proteins; Fischmeister 2006; Lynch 
et al. 2006; Malbon et al. 2004; Razani and Lisanti 2001; Younes et al. 2008). Cells 
may thus have local pools of cAMP levels and response that depend on membrane 
rafts and caveolae.
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5.1.3 PKC and PI3K/PKB Pathways

Caveolar localization and interaction of caveolin with other protein kinases, such 
as PKC and PI3K/PKB, may regulate the phosphorylation of other caveolar resi-
dent proteins and as a consequence modulate cellular processes.

The PKC family translocates to cellular compartments in response to stimuli 
(Peart and Headrick 2007); ceramide can recruit and activate caveolar PKC (Fox 
et al. 2007). In turn, isoforms of PKC can target to caveolae to enhance the regu-
lation of caveolar-localized proteins (Rybin et al. 1999). Caveolae can also influence 
the inactivation of PKCα signaling via facilitation of endosomal delivery 
(Prevostel et al. 2000).

Phosphatidylinositol-3-kinase/protein kinase B (PI3K/PKB, Akt) interacts with 
caveolin and can regulate a number of cellular events, including cell survival. For 
example, caveolin maintains Akt in an activated state in prostate cancer (Zhuang 
et al. 2002). Phosphorylation of Akt is thought to occur via interaction of the CSD 
with, and inhibition of, protein phosphatase 1 and 2A (Li et al. 2003). Caveolin 
expression can enhance cell death via activation of Akt, for example, sensitizing 
HepG2 cells to killing by TNF-α (Ono et al. 2004) or arsenite (Shack et al. 2003). 
Other data indicate that there is a correlation between increased expression of 
caveolin-1 and Akt activity in colorectal cancer (Kim et al. 2006). In skeletal muscle 
cells, cell survival can be regulated by a balance between caveolin-3 expression and 
activation of the PI3K/Akt pathway (Smythe and Rando 2006). Interaction of Akt 
may be recruited by PI3K, which binds to caveolin (Krajewska and Maslowska 
2004). Caveolin and Akt can also contribute to insulin signaling in muscle cells (Ha 
and Pak 2005), an effect that may be altered by insulin resistance (Cohen et al. 2003b; 
Ha and Pak 2005; Oshikawa et al. 2004). Caveolin, in particular its phosphorylated 
form, is involved in EGF receptor transactivation, which is dependent on Src and Akt 
phosphorylation and for which caveolin helps integrate the signaling cascade (Zhang 
et al. 2007). Such integration is also important for cyclical stretch of smooth muscle, 
in which PI3K/Akt activation depends on caveolin expression (Sedding et al. 2005).

5.1.4 Receptor Tyrosine Kinase (RTK) Pathway

In addition to GPCR a number of receptor tyrosine kinases (RTK) localize to cave-
olae (e.g., receptors for EGF, NGF, IGF, PGDF and insulin; Couet et al. 1997b; 
Huang et al. 1999; Pike 2005). Considerable attention has been devoted to studies 
of GPCR-RTK “cross talk”: activation of GPCR that in turn activates RTK through 
mechanisms that are not fully defined, but appear to include activation of metallo-
proteinases that cleave membrane-bound ligands, such as heparin-binding EGF-
like growth factor (HB-EGF), which then interacts with EGF receptors. Conceivably 
such events may occur in rafts/caveolae, but limited data support this conjecture.

Of note, though, various MAPK are downstream effectors of RTK and certain 
GPCR and regulation of MAPK can occur in rafts/caveolae; activation of MAPK 
contributes to numerous cellular processes, including shear, mechanical and 
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osmotic stress (Boyd et al. 2003; Volonte et al. 2001), lung fibrosis (Wang et al. 
2006), cellular proliferation (Gosens et al. 2006) and angiogenesis (Sonveaux et al. 
2004). Caveolae localize the p42/44 MAP kinases, and caveolin-1 can inhibit such 
kinases (Engelman et al. 1998; Galbiati et al. 1998). Consistent with this action, 
caveolin-1 and caveolin-3 KO mice have increased activation of p42/44 ERK 
(Cohen et al. 2003a; Woodman et al. 2002). One can observe differential activation 
of p42/44 ERK and p38 MAPK in caveolar fractions, implying differences in the 
regulation of these kinases by caveolins (Ballard-Croft et al. 2006). In addition, up-
regulation of caveolin-1, secondary to the activation of p38 MAPK, contributes to 
the anti-proliferative properties of carbon monoxide (Kim et al. 2005).

GPCR and TKR also interact with non-receptor tyrosine kinases, in particular 
Src family members c-Src, Fyn and Lyn, which are enriched in caveolae. Caveolar 
localization of such kinases occurs via N-terminal myristoylation and formation 
of complexes with caveolin; Cys156-palmitorylation of caveolin-1 regulates its 
interaction with c-Src (Lee et al. 2001; Song et al. 1997). The CSD of caveolin-1 
suppresses the activity of c-Src and Fyn (Li et al. 1996). Tyrosine phosphoryla-
tion of caveolin-1 (Tyr14) and caveolin-2 (Tyr19) facilitates the recruitment of SH2 
domain-containing proteins, such as Grb7 or matrix metalloproteinases (Lee et al. 
2000; Li et al. 1996b). Phosphocaveolin-1 localizes to focal adhesions, which are 
important sites of tyrosine kinase signaling that mediate cytoskeleton rearrange-
ment (Del Pozo and Schwartz 2007; Lee et al. 2000; Swaney et al. 2006). 
Phosphorylation of caveolin by Src can alter cellular shape, lead to muscle degen-
eration and inflammatory gene expression and has been implicated in cancer and 
ischemic injury (Patel et al. 2007a; Smythe et al. 2003; Volonte et al. 2001). 
Caveolin-1 contributes to the association of integrins with Src kinases, which can 
activate ERK and promote cell cycle progression (Del Pozo and Schwartz 2007; 
Echarri and Del Pozo 2006).

6 Questions to Consider for Future Investigations

This review provides examples of the roles of membrane rafts and caveolae in the 
organization and regulation of signal transduction, especially by GPCR. In spite of 
considerable data that document such roles, a number of unanswered questions 
remain. These include:

– What is the full range of signaling proteins and signaling cascades that are organ-
ized in caveolae and membrane rafts, and do physiological states, drugs or disease 
alter the identity of these raft/caveolae “partners”?

– What are the mechanisms/interactions that determine co-localization and functional
regulation of signaling proteins in those microdomains?

– Is the CSD the only means by which signaling proteins associate with caveolae, and 
if so, how does this association occur for so many signaling and other proteins?

– Is there a signaling role for cellular pools of caveolins that exist outside of caveo-
lae (as reviewed in Head and Insel 2007)?
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– Does the compartmentation of GPCR and post-receptor components in caveolae/
rafts contribute to disease manifestations and therapeutic responses in disease?

Investigations that attempt to answer such questions are predicted to reveal new 
insights into the physiological, pathophysiological and pharmacological role of 
rafts and caveolae. The answers will likely also reveal insights regarding compart-
mentation of signal transduction, in particular by GPCR. In addition, the findings 
may yield novel targets for drug action, such as sites that contribute to the protein–
protein and protein–lipid interactions that appear to be critical for membrane raft 
and caveolar interaction with protein partners.
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Abstract Protein kinase C (PKC) represents a family of lipid-regulated protein 
kinases with ubiquitous expression throughout the animal kingdom. High fidelity 
in PKC phosphorylation of intended target substrates is crucial for normal cell 
and  tissue function. Therefore, it is likely that multiple interdependent factors 
 contribute to determining substrate specificity in vivo, including divalent cation 
binding, substrate recognition motifs, local lipid heterogeneity and protein scaf-
folds. This review provides an overview of targeting mechanisms for the three 
subclasses of PKC isoforms, conventional, novel and atypical, with an emphasis on 
how they bind to substrates, lipids/lipid microdomains and multifunctional protein 
scaffolds. The diversity of interactions between PKC isoforms and their immediate 
environment is extensive, suggesting that systems biology approaches including 
proteomics and network modeling may be important strategies for rational drug 
design in the future.
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1 Introduction

Protein kinase C (PKC) was discovered in the late 1970s as a lipid-regulated 
protein kinase activity (Nishizuka 1995) and was subsequently found to be 
ubiquitously expressed in eukaryotic tissues. PKC quickly captured the atten-
tion of the  biomedical research community in a big way with the realization that 
it was a major target of the tumor-promoting phorbol esters (Castagna et al. 
1982) and was therefore likely to be a central player in cellular transformation 
and cancer. In the intervening years, phorbol esters became key research tools 
for exploring PKC function in a variety of systems. Intense interest in PKC led 
to the identification and characterization of a family of related PKC isoforms 
with variations on the theme of lipid-regulated  protein kinases (Bataini and 
Mochly-Rosen 2007). By comparison to other  well-known protein kinases such 
as cyclic AMP-dependent protein kinase (PKA), the substrate specificity of 
PKCs appeared to be considerably broader. This in turn led to the discovery of 
a number of scaffolds or anchoring proteins that were hypothesized to provide 
specificity in PKC signaling by targeting the active kinase to  preferred sub-
strates (Mochly-Rosen 1995; Jaken and Parker 2000). Predictably, this may 
have led to a downplaying of the importance of membrane-resident lipids in 
targeting PKCs to critical locations in the cell. It is now well recognized that 
 membrane lipids are heterogeneously distributed throughout various cellular 
organelles and even within microdomains in a given organelle (i.e., lipid rafts) 
(Dibble et al. 1996; Sando and Chertihin 1996; Corbin et al. 2007; Escriba 
et al. 2007). It is therefore likely that lipids and proteins cooperate to determine 
both  subcellular localization and function for many of the PKC isozymes. 
Modern  systems biology techniques have also revealed that PKC substrate spe-
cificity may not be as broad as early studies suggested (Fuji et al. 2004). An 
integrated understanding of substrate-recognition motifs combined with target-
ing mechanisms including roles for lipid microdomains and protein scaffolds 
will almost certainly provide the most biological insight into the PKC signaling 
system and its roles in health and disease.

2 Targeting to Cellular Lipids and Proteins

The idea that membrane-associated lipids such as the acidic phospholipids (phos-
phoinositides, phosphatidylserine) or the neutral lipid messenger diacylglycerol 
(DAG) can influence PKC targeting to subcellular sites has received strong 
 experimental support throughout the history of PKC research (Corbin et al. 2007; 
Escriba et al. 2007). On the other hand, evidence for organizing PKC and other 
signaling proteins on protein scaffolds has been substantial and is concisely sum-
marized in recent reviews (Mochly-Rosen 1995; Jaken and Parker 2000; Vondriska 
et al. 2004). Since scaffolds are the central theme of this volume, a goal of this 
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chapter is to consider models that balance the importance of membrane lipid 
 structure/function with the benefits of employing protein scaffolds. Multipoint 
attachment is a common strategy in biomolecular interactions because it provides 
for enhanced specificity, versatility and reversibility combined with high-affinity 
binding. Another common strategy in biological regulation (especially well 
 characterized in the nervous system) is coincidence detection, which serves to 
ensure high-fidelity signal transmission in a noisy environment (Campbell and 
King 2004). As a central regulatory kinase involved in many cellular processes, 
PKC almost certainly employs both multisite attachment and a form of coincidence 
detection in its bag of tricks.

Thirty years after the discovery of PKC, what is most intriguing about PKC scaf-
folding proteins is the realization that these proteins are much more than PKC 
scaffolds. Indeed, the fact that PKC binds quite specifically to a single protein is 
often not among the most impressive roles for the protein in question. These 
 proteins are often still referred to as PKC/PKA scaffolds or anchoring proteins in 
recognition of the context in which they were initially discovered (e.g., RACK1-
receptor for activated C kinase, Mochly-Rosen 1995; PICK1-protein interacting 
with C kinase, Dev and Henley 2006; AKAPs-A kinase anchoring proteins, Lester 
and Scott 1997, etc.). Perhaps the more interesting concept that has emerged is that 
PKCs are often components of vast signaling complexes made up of a  network of 
multi-domain proteins that facilitate crosstalk among various signaling pathways 
and various cellular processes. The idea of signaling pathways (by analogy with 
metabolic pathways) is rapidly being replaced by the idea of signaling networks in 
which highly modular components interact with a high degree of  complexity in 
time and space (Locasale et al. 2007; Woolf et al. 2005; Bose et al. 2006). By using 
newer high-throughput technologies such as functional proteomics (Edmondson 
et al. 2004; Brajenovic et al. 2004; Ptacik and Snyder 2006; Schelzke and White 
2006; Chung and Walker 2007), we will almost certainly know the detailed compo-
sition of these signaling complexes as well as their inter- connectivity in the near 
future. Making sense out of the input/output behavior of such complex signaling 
networks represents a major challenge for the future and will rely heavily on the 
emerging field of systems biology with its emphasis on computer modeling of self-
associating network systems (Brajenovic et al. 2004; Locasale et al. 2007; Woolf 
et al. 2005; Bose et al. 2006). At this stage, however, careful classification of PKC 
scaffolds, or more broadly, PKC-interacting lipids and proteins represents an 
important step toward the goal of a complete understanding of signal transduction 
mechanisms involving PKC.

3 Lipids and Lipid Domains

It is well established that all PKC isoforms except the two atypical isoforms (l and 
ζ) require phosphatidylserine and DAG for optimal enzyme activity (Nishizuka 1995; 
Bataini and Mochly-Rosen 2007). The finding that PKC has strict stereospecific 
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requirements for both of these membrane-resident lipids  suggests that the lipids 
interact stereospecifically within binding pockets on the enzyme. Phosphatidyl-l-
serine is greatly preferred over its enantiomer phosphatidyl-d- serine (Newton and 
Keranen 1994), but a high degree of cooperativity in the response to this phospholi-
pid has made it difficult to define a single site of  interaction with PKC. 1,2-
Diacylglycerols bind to one or both of the C1 domains (C1a or C1b), whereas the 
enantiomeric 2,3-diacylglycerols do not bind or activate (Sreekumar et al. 1997), 
nor do the isomeric 1,3-diacylglycerols. Among the C1a/b-containing PKC iso-
forms, substantial variation exists in terms of the affinity for DAG as well as C1a/
C1b subdomain interactions. For example, the affinity of C1 for DAG in the con-
ventional PKC isoforms is relatively low, but together with Ca2+ bridging between 
C2 domains and membrane phosphatidylserine, these  interactions are adequate to 
ensure selective lipid targeting as well as relatively long duration anchoring to 
membranes (Corbin et al. 2007; Oancea and Meyer 1998). The novel PKC isoforms 
that lack a Ca2+-binding C2 domain display a much higher affinity for DAG, a 
 difference that can be traced to a single amino acid change in the  binding pocket 
(Dries et al. 2007). This high-affinity interaction with DAG  effectively increases 
the residence time for activated PKC once it binds to a target membrane. This dif-
ference in the C1 lipid binding domain may play a key role in anchoring certain 
PKC isoforms to DAG-rich subcellular compartments such as the Golgi (Giorione 
et al. 2006).

The importance of Ca2+, DAG and negatively charged phospholipids for 
 subcellular targeting of PKC isoforms should not be underestimated. Localized and 
transient elevations of DAG are produced by a variety of phospholipase C isoforms 
with considerable diversity in their regulatory properties (Drin and Scarlata 2007). 
Similarly, a variety of mechanisms are known for producing localized and transient 
Ca2+ elevation. Phosphatidylserine may not change rapidly in response to  environmental 
cues, but the DAG precursor phosphatidylinositol-4,5-bisphosphate (PIP

2
) does 

undergo rapid and transient changes that can dynamically influence PKC targeting. 
The potential for complex isoform-specific control of PKC activity at a membrane 
surface is substantial without the need to invoke scaffolding  proteins. Moreover, other 
lipids such as cis-unsaturated fatty acids, lysophospholipids, ceramide and phospha-
tidic acid are known to influence PKC activity with some preference for certain iso-
forms over others (Huang et al. 1997; Pi and Walker 2000).

Studies of defined lipid mixtures using physico-chemical methods have revealed 
that the physical properties of membranes have a large impact on PKC function 
(Jimenez-Monreal et al. 1999). Membrane curvature, head-group spacing, head-
group hydration, acyl chain fluidity and the presence of non-bilayer structures such 
as hexagonal phases have all been correlated with PKC activity (Dibble et al. 1996; 
Sando and Chertihin 1996; Corbin et al. 2007; Escriba et al. 2007; Jimenez-
Monreal et al. 1999). A common feature of these physical characteristics of lipids 
targeted by PKC (small head groups such as DAG, high membrane curvature as in 
small vesicles, and bulky unsaturated acyl chains) is crowding of acyl chains within 
the hydrophobic core of the bilayer. An intriguing hypothesis is that such lateral 
crowding forces can cause local “splaying” of membrane lipids such that individual 
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acyl chains are squeezed out of the bilayer (Escriba et al. 2007). This unusual 
 hypothetical structure featuring acyl chains protruding away from the membrane 
surface could then be stabilized by acyl chain-binding proteins such as PKC.

This kind of correlation between physical properties of membranes and 
 membrane protein activity is not unique to PKC, but is common among enzymes 
that function at the 2D boundary between the cell membrane and aqueous cytosol 
(Hurley 2006), such as phospholipases (Drin and Scarlata 2007) and proteins 
involved in membrane fission/fusion (Adreeva et al. 2006). Lipid heterogeneity 
within cell membranes is well documented with the inner leaflet known to contain 
regions with a high level of phosphatidylserine, PIP

2
 or DAG (Escriba et al. 2007). 

With their unique physical properties such as high charge density, divalent cation 
binding and a tendency to form non-bilayer structures, such lipid mixtures could 
play a major role in PKC targeting and subsequent substrate phosphorylation, even 
if such lipids come together only transiently.

Lipid rafts are cell membrane subdomains containing a unique combination of 
lipids such as cholesterol and sphingolipids, often stabilized by specific proteins 
(Michel and Backovic 2007). Caveolae represent one type of lipid raft character-
ized microscopically as cell surface invaginations and biochemically as detergent 
insoluble membrane microdomains rich in the small oligomeric scaffolding pro-
tein caveolin (Couet et al. 1997a,b; see also Patel et al., this volume). Caveolae 
may play a role in transcytosis across epithelial cell barriers, endocytotic recy-
cling of surface molecules or organization of signaling pathways (Michel and 
Backovic 2007). PKC isoforms have been shown to interact reversibly with cave-
olae in cardiac myocytes and to stimulate phosphorylation of other signaling 
molecules in the vicinity (Rybin et al. 1999), but it remains unclear how the lipid 
requirements for PKC activity are met in this environment. The more traditional 
view is that signaling proteins [e.g., kinases, G-protein coupled  receptors 
(GPCRs)] are inactive when associated with caveolae (Couet, et al. 1997b). Small 
peptide sequence motifs that mediate interactions between caveolin and PKC 
isoforms have been described (Couet et al. 1997a). Other lipid rafts rich in PIP

2

and phosphatidyinositol-3,4,5-trisphosphate (PIP
3
) have been  suggested to play a 

key role in establishing cell polarity in conjunction with aPKCζ and PI3-kinase/
PTEN (the kinase and phosphatase that interconvert these polyphosphoinositides) 
(Comer and Parent 2007), although membrane proteins almost certainly play a 
role (see below).

4 PKC Substrates

Recent work on substrate preferences for PKC isoforms is also revising perceptions 
of the PKC family as an overly promiscuous group. Oriented peptide libraries have 
revealed significant preferences for PKC isoforms from different subclasses (con-
ventional, novel or atypical), but also within the same subclass (Nishikawa et al. 
1997). PKC-ε and PKC-δ have consistently been shown to have distinct  substrate
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preferences, and a recent detailed analysis of preferred as well as disfavored residues 
have led to the proposal of rather specific recognition motifs for PKC-δ and PKCζ
(Fuji et al. 2004). The motif for the two atypical PKC (aPKC) isoforms is dif-
ferent enough from all others that a selective pseudosubstrate peptide can be used 
to selectively inhibit these isoforms (Couet et al. 1997a). Lest we become too com-
fortable with the idea that substrate preferences are strictly encoded in the primary 
sequence of PKC isoforms, there is also emerging evidence that the substrate pref-
erences for PKC depend on many factors (Jaken and Parker 2000). For instance, the 
substrate specificity of PKC-δ can change as a result of tyrosine phosphorylation 
on its catalytic domain (Konishi et al. 2001). Tyrosine phosphorylation of PKC-δ
also greatly reduces its requirements for activation by lipids leading to a “quasi-
constitutively active” PKC species no longer  dependent upon being near a mem-
brane (Kikkawa et al. 2002).

Phosphorylation of intended target substrates with high fidelity is crucial for 
normal cell function. Therefore, multiple inter-dependent factors contribute to 
phosphorylation specificity in vivo, including specific lipid–protein interactions 
and active site recognition motifs. Some of our perception that PKCs as a family 
exhibit low substrate selectivity may have arisen as a result of widespread use of 
(1) phorbol esters, (2) short peptide substrate motifs, (3) kinase overexpression 
strategies and (4) kinase catalytic domains proteolytically removed from regulatory 
domains. Phorbol esters potently and permanently activate many PKC isoforms as 
well as other signaling molecules (Griner and Kazanietz 2007), possibly  contributing 
to non-specific phosphorylation. Full length enzymes often contain conformational 
features that contribute to substrate specificity (Pears et al. 1991), as do the 
 immediate lipid and protein environment. These “secondary” factors are lost when 
constitutively active catalytic domains are used experimentally. Overexpression of 
kinases is very likely to promote excessive (and possibly non-physiological) 
 crosstalk between signaling systems. As usual, caution and multiple independent 
strategies are needed for a balanced interpretation of experiments of this nature.

5 RACKs

The pioneering work of Mochly-Rosen and colleagues (1995) introduced the 
 concept of a class of intracellular proteins whose purpose was to localize PKC near 
its substrates. The first protein of this class to be discovered and thoroughly char-
acterized was RACK1 (receptor for activated C kinase 1) (Mochly-Rosen et al. 
1995). It featured isoform-specific and high-affinity binding of PKC only in its 
activated form, with the interesting twist that RACK1 was not a substrate for the 
kinase activity (Mochly-Rosen et al. 1995). In vitro, purified RACK1 was shown to 
bind PKC-βII with a K

d
 of 1 nM, and only in the presence of the PKC activators 

Ca2+, DAG and phosphatidylserine. The binding affinity for other PKC isoforms 
was much lower. Many important advances building on this concept followed from 
the Mochly-Rosen group, including characterization of the PKC-RACK1 binding 
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interface and identification and use of peptides to disrupt PKC-βII anchoring in 
cells to address biological function (Ron et al. 1995).

Cloning and sequence analysis revealed that RACK1 was a member of a WD40 
gene superfamily that included the β-subunit of heterotrimeric G-proteins (Ron et 
al. 1994). These WD40 repeat proteins form a β-propeller structure with a variable 
number of propeller blades that assemble to form a circular disc. In the case of 
RACK1, its seven blades form a circular disc from which loops with  variable size 
and sequence protrude above and below the plane of the disc. It is interesting to 
speculate that RACK1 exhibits an analogous structural organization to GPCRs, 
which contain seven transmembrane α-helices bundled into a  barrel-like structure 
with loops of variable size and sequence protruding away from the membrane sur-
face on both sides (Escriba et al. 2007).

In short order, a second protein was identified that displayed the requisite 
 properties of a PKC-ε selective RACK and was duly christened RACK2 (Csukai et 
al. 1997). DAG/phosphatidylserine activated PKC-ε bound RACK2 with ~10 nM 
K

d
, was not a substrate and led directly to the development of peptide reagents that 

could either block or promote PKC-ε anchoring (Csukai et al. 1997). Many investi-
gators have now used these peptides successfully to explore PKC-ε function in 
complex biological preparations, including cells (Robia et al. 2005), tissues 
(Johnson et al. 1996) and transgenic mice (Mochly-Rosen et al. 2000). Further 
characterization of RACK2 revealed it to be identical to a β’-COP subunit of the 
coatamer assembly involved in membrane trafficking through the Golgi apparatus 
(Csukai et al. 1997). RACK proteins for the other remaining ten or so PKC iso-
forms have not yet been identified. This may be in part because the Mochly-Rosen 
group has focused its attention on therapeutic applications of its powerful peptide 
reagents (Kikkawa et al. 2002), and in part because understanding of kinase anchor-
ing proteins was evolving beyond the simple idea of a specific RACK for each PKC 
isoform.

A good example of PKC and its scaffold being part of a vast complex or 
supramolecular assembly was illustrated by the recent finding that RACK1 binds 
tightly to the ribosome (Sengupta et al. 2004). RACK1 could therefore be consid-
ered a ribosomal protein. Further evidence suggests that ribosome-bound RACK1 
recruits conventional PKC isoforms for the purpose of regulating protein synthesis 
(Sengupta et al. 2004). RACK1 no longer seems like a static anchor, but perhaps 
more like an adaptor that allows certain PKC isoforms to attach to and regulate a 
variety of processes, including the protein synthesis machinery. In the case of the 
ribosome, RACK1 is but a tiny cog in the wheel of a supramolecular assembly.

6 PICK1

Among the earliest PKC-interacting proteins to be identified in a yeast two-hybrid 
screen was PICK1 (protein interacting with C kinase 1) (Staudinger et al. 1995). 
PICK1 bound PKC-α with high affinity and yet did not become phosphorylated 
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upon PKC-α activation, suggesting that its role was to position PKC-α near key 
substrates within the cell. Sequence and 3D structural analysis of PICK1 revealed 
that in addition to binding PKC, it contained a PDZ domain and a BAR domain, 
providing further clues to its overall function (Tarricone et al. 2001; Peter et al. 
2004; Xu and Xia 2007). PDZ domains have emerged in recent years as canonical 
protein–protein interaction domains that typically recognize a four- residue motif at 
the C-terminus of its binding partners (Dev 2004). The PDZ domain of PICK1 
appears to recognize its own preferred C-terminal motif, which does not fit neatly 
into the original type-1 and type-2 PDZ recognition motif  classification (Madsen et 
al. 2005). In contrast, BAR domains oligomerize into a coiled-coil stabilized boo-
merang-shaped structure that is thought to recognize and/or dictate the curvature of 
membranes (Tarricone et al. 2001). As such, BAR domains are thought to play criti-
cal roles in endocytosis and tubulation of  membranes. The BAR domain of PICK1 
was initially not recognized to be a BAR domain based only upon sequence analy-
sis. When the crystal structure of a  BAR-like domain from arfaptin (a homolog of 
PICK1) was compared to amphiphysin, another well-characterized tubulating pro-
tein, it was clear that both formed  boomerang-shaped oligomers with lysine/
arginine residues located at critical  positions for interacting with membrane sur-
faces (Tarricone et al. 2001; Peter et al. 2004; Xu and Xia 2007) Thus, with low 
sequence homology, but high structural homology, PICK1 was deemed to contain 
a membrane-curvature-sensing BAR domain. PICK1 is the only protein known to 
contain both a PDZ domain and a BAR domain, suggesting a unique role in organ-
izing the protein machinery involved in endocytosis, membrane traffic (Wang et al. 
2003) and synaptic  plasticity (Gardiner et al. 2005). PKC-α is recruited to these 
complexes by binding its C-terminus to the PDZ domain of PICK1 (Staudinger 
et al. 1997; Dev et al. 2004), with additional contributions from lipid-binding 
domains on PKC-α that are also sensitive to membrane curvature and/or the pres-
ence of non-bilayer structures (Jimenez-Monreal et al. 1999).

7 Actin

Filamentous actin (F-actin) is the primary constituent of stress fibers that dictates 
the shape, structure and contractility/motility of many cell and tissue types. 
Similarly, in many cases PKC regulates F-actin assembly (Liu et al. 2007), stress 
fiber formation (Prekeris et al. 1996), neurite outgrowth (Zeidman et al. 2002) and 
cell motility, suggesting that PKC may be intimately associated with F-actin. 
Indeed, a number of investigators have characterized direct interactions between 
PKC isoforms (notably PKC-ε and PKC-βII) and purified F-actin in vitro. Perekis 
et al. (1996) reported that PKC-ε bound to F-actin via a specific interaction with its 
C2 domain that could be specifically disrupted with a small peptide. These authors 
provided evidence that PKC-ε/F-actin interactions were critical in regulating the 
neuronal cytoskeleton and thus synaptic function. Huang et al. (1997) confirmed a 
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specific high-affinity interaction between PKC-ε and F-actin, but interestingly, the 
PKC bound even when inactive and then became catalytically active upon binding 
(even without addition of lipid  activators). This PKC-ε/F-actin interaction did not 
account for anchoring of PKC-ε to cardiac myofibrils despite high levels of F-actin 
in myofibrils. Blobe et al. (1996) characterized high-affinity binding of PKC-βII to 
F-actin in vitro. It is interesting to note that F-actin is a highly acidic (negatively 
charged) protein and that PKC isoforms are fond of similarly negatively charged 
phospholipids, such as phosphoinositides. Therefore, reports of direct binding of 
PKC to F-actin in vitro should not be a surprise. It remains an open question, how-
ever, whether direct PKC/actin  binding interactions play a central role in regulating 
cytoskeletal dynamics in vivo.

8 Cypher/ZASP/Oracle

Cypher proteins (also known as ZASP or oracle proteins) are found only in striated 
muscles (cardiac and skeletal muscles) where they associate with the cytoskeleton 
and interact with PKC through one or more LIM domains (Zhou et al. 1999). The 
interaction does not appear to be highly PKC isoform-specific, raising questions as 
to the selectivity and perhaps physiological relevance of their PKC anchoring 
 capabilities. Cypher/ZASP/oracle proteins also contain a single PDZ domain 
 presumably for promoting and organizing protein assemblies. In striated muscle, 
cypher/ZASP/oracle localizes predominantly to the Z-disc, a central anchoring 
point for sarcomeric F-actin and a compartment rich in cytoskeletal and signaling 
proteins (Chung and Walker 2007), including calcineurin (Frey and Olson 2002). 
Ablation of cypher in the mouse is embryonically lethal (Zhou et al. 2001), suggest-
ing a critical role in sarcomere assembly or other aspects of muscle development. 
Moreover, mutations in cypher that impair PKC binding have been linked with 
dilated cardiomyopathy in humans (Arimura et al. 2004).

9 AKAPs

AKAPs (A kinase anchoring proteins) are described in detail in other chapters of 
this volume, so they will be discussed only briefly here in the context of PKC. 
AKAPs represent a very large family of proteins that function as scaffolds for ubiq-
uitous PKA and related signaling molecules (Lester and Scott 1997). AKAPs bind 
regulatory domains of the PKA tetramer such that the inactive tetramer is localized 
near its target substrates. The active catalytic subunits are then released upon eleva-
tion of free cyclic AMP in the vicinity. It is now clear that AKAPs recruit a variety 
of signaling molecules, including phosphodiesterases, phosphatases and other 
kinases, including PKC, into an organized complex (Klauck et al. 1996; Hagashida 
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et al. 2005). In contrast to RACKs, however, AKAPs appear to take up a more 
“permanent” residence in specific subcellular compartments rather than undergoing 
a co-translocation with PKA and other signaling molecules. In this regard, AKAPs 
may represent examples of the more traditional concept of anchoring proteins that 
provide a stable non-moving platform for assembly of multi-component signaling 
complexes. AKAPs also appear to be substrates for PKA and PKC (Klauck et al. 
1996), further distinguishing them from RACKs.

10 STICKs

Another interesting and important class of PKC binding partners have been termed 
STICKs (substrates interacting with C kinase) (Jaken and Parker 2000). This group 
of proteins exhibits high-affinity interactions with regulatory domains on PKC, but 
they are also good substrates for PKC. Intriguingly, some STICKs also bind 
 phosphatidylserine, and others bind F-actin, suggesting opportunities for multisite 
interactions to enhance PKC targeting. Among the widely studied members of this 
group are MARCKS (myristolyated alanine rich C-kinase substrate) (Fujise et al. 
1994), vinculin/talin (Hyatt et al. 1994), GAP43 (Dekker and Parker 1997), gravin 
(Nauert et al. 1997), AKAP79 (Klauck et al. 1996) and annexins (Hyatt et al. 1994). 
These proteins interact with PKC isoforms in at least two ways, through PKC’s 
regulatory domains for high-affinity binding and through PKC’s catalytic domain 
to become phosphorylated.

11 Atypical PKCs: A World Apart

Much of what has been discussed to this point applies only to the DAG-responsive 
PKC isoforms, which include the conventional (α, βI, βII, γ) and novel (δ, ε, θ, η)
subgroups. Two atypical PKC isoforms (λ and ζ) live in a world of their own, 
including a unique set of scaffolds and a  distinct relationship with lipids (Suzuki 
et al. 2003; Moscat and Diaz-Meco 2000; Hirai and Chida 2003). The atypical 
PKCs are classified within the PKC family on the basis of modest sequence homol-
ogy in the kinase catalytic domain with conventional and novel PKC isoforms 
(Suzuki et al. 2003). Atypical PKCs show very low sequence homology with other 
PKCs in their regulatory domains except for a single cysteine-rich C1 motif that 
appears to bind PIP

3
 rather than DAG. A PB1 domain unique to atypical PKCs rep-

resents a focal point in dictating isotype- specific protein–protein interactions (Hirai 
and Chida 2003).

Atypical PKC (aPKC) has been shown to play a role in signaling downstream of 
insulin receptors (Liu et al. 2007), which nicely highlights the involvement of lipids 
in regulating this subclass of PKCs. A common downstream effector recruited 
to active tyrosine phosphorylated insulin receptors is PI3-kinase. This enzyme 
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 converts the membrane-resident phospholipid PIP
2
 to PIP

3
. In turn, PIP

3
 can then 

bind and activate a number of kinases, including aPKCζ, PDK1 and the abundant 
and widely studied growth regulating kinase Akt/PKB (Moscat and Diaz-Meco 
2000; Hirai and Chida 2003). Of these, PDK1 has the highest affinity for PIP

3
.

However, aPKCζ becomes activated as a result of coincident PIP
3
 binding to its C1 

domain and phosphorylation of its activation loop residue T410 by PDK1 (Liu et 
al. 2007). This activation of aPKCζ is critical for insulin-dependent recruitment of 
the GLUT4 glucose transporter to the cell surface, which promotes glucose uptake 
in insulin target tissues (Liu et al. 2007).

The multitude of proteins involved in insulin receptor signaling is vast, and the 
nature of protein assemblies involving aPKCs may be easier to illustrate for other 
growth-signaling pathways. For example, the TNF-α (tumor necrosis  factor-α)
receptor signals through a complex made up of the proteins TRAF2, RIP, ZIP/p62 
and aPKCζ (Moscat and Diaz-Meco 2000). Through this complex, TNF-α stimu-
lates aPKCζ-mediated phosphorylation of the NF-kB  regulatory complex, thereby 
initiating gene expression patterns involved in inflammatory responses. Analogous 
signaling complexes featuring aPKCζ may explain  intracellular signaling resulting 
from binding of IL-1 (interleukin-1) and NGF (nerve growth factor) to their respec-
tive cell surface receptors (Moscat and  Diaz-Meco 2000). These functionally rele-
vant protein–protein interactions involving aPKCζ are mediated through its PB1 
subdomain at the N-terminus of the regulatory domain.

A major role for atypical PKCs in embryonic development was revealed by 
genetic and RNAi experiments in C. elegans, and subsequently recapitulated in 
mouse knockout models. In C. elegans, at least three mutants were found to be 
defective in anterior–posterior polarization of embryos during early development: 
PKC-3, PAR-3 and PAR-6. PKC-3 is the C. elegans homolog of aPKC. PAR-3 is 
a scaffolding protein with three PDZ domains that binds PKC-3 in its catalytic 
domain. The mammalian homolog of PAR-3, known as ASIP, binds (through a 
PDZ domain) proteins such as JAM that are critical in the formation of tight 
 junctions in polarized epithelial cells (Suzuki et al. 2003). Interestingly, JAM is 
also a direct molecular partner of PICK1, suggesting that conventional and atypical 
PKC isoforms may converge during the formation of cell–cell contacts such as in 
epithelial cell tight junctions (Reymond et al. 2005). PAR-6 also appears to be a 
scaffold protein, but it binds aPKC through a specific sequence motif in the N-
 terminal PB1 domain, such that PAR-6 and PAR-3 can bind to aPKC simultane-
ously. PAR-6 contains interaction sites for the small G-proteins cdc42 and rac1, 
which regulate actin cytoskeletal dynamics and may link the cell polarity 
 machinery to cellular transformation by ras, or to modulation by E-cadherin-medi-
ated cell–cell contacts (Moscat and Diaz-Meco 2000; Hirai and Chida 2003). In 
mouse models, germ-line-targeted knockout of aPKCλ is embryonically lethal 
(Suzuki et al. 2003), suggesting essential functions in early development, whereas 
aPKCζ knockouts survive, but display extensive defects in cell–cell junctions and 
cell polarity (Suzuki et al. 2003).

This brief overview of aPKCs barely scratches the surface of a rapidly develop-
ing literature on aPKC signaling in mammalian tissues. The emphasis here has 
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been on illustrating the involvement of the critical membrane lipids PIP
2
 and PIP

3
,

as well as on providing examples of scaffolding proteins that organize large signal-
ing complexes in which aPKCs function to regulate cell shape, cell polarity, cell 
 survival and many other cellular processes. It is also well established that protein–
protein interactions involving aPKCs directly impact other critical downstream sig-
naling pathways, including MAP kinase cascades and src (Moscat and  Diaz-Meco 
2000; Hirai and Chida 2003).

12 PKC Translocation Mechanisms

One salient feature of PKC is its ability to translocate from a cytosolic (soluble) 
compartment to a membrane-bound (particulate) compartment in response to 
coincident elevation of the classical second messengers Ca2+ and DAG (Nishizuka 
1995; Bataini and Mochly-Rosen 2007). This property has been widely exploited 
as a surrogate of PKC activation in a variety of studies. However, defining precise 
and generally applicable mechanisms of PKC translocation has been elusive. Ca2+

and phosphatidylserine recruit conventional PKC isoforms rapidly (seconds) and 
reversibly enough to be consistent with a diffusion controlled process for PKC 
translocation over normal intracellular distances (£ 50 mm). Novel PKC  isoforms, 
which lack the Ca2+-mediated membrane targeting capability, may  translocate 
over minutes or longer due to rate-limiting conformational changes in the PKC 
regulatory domain itself (Robia et al. 2001). Similarly, multi-step  translocation 
processes have been suggested for novel PKC isoforms based upon an antibody 
that recognizes a weakly membrane-bound, but inactive PKC  conformation 
(Souroujon et al. 2004). Annexin V-microtubule interactions have also been 
shown to play a critical role in a slow multistep PKC-δ translocation process 
(Kheifets et al. 2006). Other types of translocation of PKC isoforms may depend 
upon trafficking of membranes through endosomal and Golgi  compartments 
(Alvi et al. 2007). Alternatively, direct interactions of PKC isoforms with F-actin 
(Huang et al. 1997; Prekeris et al. 1996; Blobe et al. 1996) may reflect a form of 
directed one-dimensional diffusion as has been proposed for transcription factors 
moving along stretches of DNA (Elf et al. 2007). Thus, PKC may interact with 
membranes to restrict its influence to membrane proteins and by analogy with 
F-actin to limit its influence (under different circumstances) to the actin cytoskel-
eton. Such an intriguing possibility for PKC/F-actin interactions must await thor-
ough experimental verification. Nevertheless, it now seems unlikely given the 
diverse cellular functions regulated by PKC that it utilizes a single general mech-
anism to control subcellular localization or transport. Such versatility in regula-
tory strategies may simply be yet another manifestation of the evolutionary 
success of the PKC family.

Atypical PKCs are readily distinguished from conventional and novel PKCs by 
not undergoing translocation in response to phorbol esters or DAGs (Bataini and 
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Mochly-Rosen 2007; Suzuki et al. 2003; Moscat and Diaz-Meco 2000; Hirai and 
Chida 2003). However, the existence of nuclear localization and export signals in 
both aPKCζ and aPKCλ is consistent with evidence that they undergo dynamic 
nuclear-cytoplasmic shuttling (Perander et al. 2001). So, while extensive protein–
protein interaction networks appear to be a central feature of aPKC signaling, these 
PKC family members are also versatile and not restricted to functioning only in 
large stable macromolecular complexes.

13 Rational Drug Design

In many ways, the RACK-inspired peptides developed by Mochly-Rosen and 
 colleagues represent the epitome of drug leads that have emerged from a rational 
approach to targeting protein–protein interfaces (Kheifets and Mochly-Rosen 
2007). The use of cell-permeant carrier peptides (e.g., TAT, antennapedia) to deliver 
the bioactive peptides across cell membranes also addressed a potentially serious 
drawback of peptide-based therapeutics (i.e., poor access to intracellular targets) 
(Kheifets and Mochly-Rosen 2007). The RACK-inspired peptides are working their 
way through clinical trials for potential use against various  cardiovascular diseases 
(Bataini and Mochly-Rosen 2007).

Medicinal chemists have long been systematically targeting C1 and C2 
domains of PKCs for potential therapeutic purposes with some notable success 
(Marquez et al. 1999; Tamamura et al. 2004). One lesson for future drug design 
might include that PKC achieves functional specificity by interacting with many 
neighbors, including lipid microdomains and 3D assemblies containing a host of 
distinct  proteins, some substrates (Jaken and Parker 2000; Klauck et al. 1996; 
Hagashida et al. 2005; Fujise et al. 1994; Hyatt et al. 1994; Dekker and Parker 
1997; Nauert et al. 1997), others only anchors (Mochly-Rosen 1995; Kheifets 
and Mochly-Rosen 2007; Sengupta et al. 2004; Staudinger et al. 1995; Tarricone 
et al. 2001). Thus, specificity in drug targeting might be achieved with multiva-
lency – incorporating several pharmacophores into the same molecule. Systems 
biology approaches to drug discovery will be more prominent in the future. For 
example, screens for drug candidates should be more powerful if they contain 
more than just the target kinase activity in solution, in recognition of both the 
importance and complexity of the immediate environment in which PKC iso-
forms function.

Finally, it is important to recognize that considerable success has been 
achieved with a PKC inhibitor that simply targets the kinase activity of PKC-β
(Idris et al. 2001; Kelly et al. 2003). The compound LY333531 (ruboxistaurin) 
has shown considerable efficacy toward improving the symptoms of diabetes, 
including its devastating cardiovascular complications (Kelly et al. 2003); rubox-
istaurin is well along in clinical trials. Further rational drug design by targeting 
PKC binding  proteins is an appealing strategy, especially within the basic science 
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community. Therefore, developing a fundamental understanding of the cellular 
and molecular biology underlying major human diseases will continue to be a top 
research  priority, as will clarifying potential roles of PKC isoforms in these dis-
ease states. Identifying and minimizing off-target detrimental side effects of vari-
ous classes of drugs will also continue to be important. At the end of the day, 
however, if a drug improves important endpoints in human trials and is safe, then 
it will find use in the clinic whether we know exactly how it works or not. 
Moreover, it may be  impossible to predict pleiotropic effects of drugs (Spector et 
al. 2007), but a drug’s ability to influence multiple cellular systems or processes 
can often carry the day for widespread use in a diverse human population (Kang 
et al. 2007).

Recent review articles have enumerated upwards of hundreds of well-character-
ized PKC interacting proteins including substrates and scaffolds (Jaken and Parker 
2000; Edmondson et al. 2004; Poole et al. 2004); moreover, the number of  candidate 
molecular interactions involving PKC continues to expand at a remarkable pace. 
Therefore, strategies that embrace integrated systems biology approaches may offer 
the greatest promise. For example, the selectivity of protein loss-of- function studies 
(e.g., using RNAi, Sahin et al. 2007) combined with the global perspective of func-
tional proteomics (Edmondson et al. 2004; Brajenovic et al. 2004; Ptacik and 
Snyder 2006; Schelzke and White 2006; Chung and Walker 2007) and the power of 
computational biology (Locasale et al. 2007; Woolf et al. 2005; Bose et al. 2006) 
should permit more effective modeling of complex signaling  networks containing 
PKC interacting lipids, proteins and substrates. The goal of such studies would be 
to develop new fundamental insights into the input/output behavior of PKC net-
works. Without such systems biology tools, it may be virtually impossible to pre-
dict and then systematically test which PKC interfaces to target therapeutically in 
different disease settings.
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Compartmentalised MAPK Pathways

M.D. Brown and D.B. Sacks(*ü )

Abstract The mitogen-activated protein kinase (MAPK) pathway provides cells 
with the means to interpret external signal cues or conditions, and respond accord-
ingly. This cascade regulates many cell functions such as differentiation, prolif-
eration and migration. Through modulation of both the amplitude and duration 
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of MAPK signalling, cells can control their responses to the multiple activators 
of the pathway. In addition, recent work has highlighted the importance of the 
cellular compartment from which the signalling occurs. Cells have developed 
intricate systems that enable them to localise MAPK components to specific 
subcellular domains in response to a particular stimulus. Consequently, different 
factors can activate the same kinase in separate locations. Crucial to this ability 
are molecular scaffolds, which act as signalling modules for MAPKs, confining 
them to the desired compartment. The participation of the MAPK network in 
fundamental physiological processes, such as cell proliferation and inflammation, 
and the derangement of the homeostasis that occurs in disease processes, renders 
MAPK a highly desirable target for therapeutic intervention. As we enhance 
our comprehension of scaffolds and other regulatory molecules, novel targets 
for drug design may be discovered that will afford selective and specific MAPK 
modulation.

1 Introduction

The mitogen-activated protein kinase (MAPK) pathway is a highly studied intracellular 
signalling cascade that regulates multiple cellular functions, such as cell prolifera-
tion and differentiation, in response to diverse external cues (Pearson et al. 
2001). A large number of growth factors and cytokines, including epidermal 
growth factor (EGF), vascular endothelial growth factor (VEGF), insulin, neuro-
trophins and inflammatory cytokines, are known to activate MAPKs. Through 
these factors, and their modulation of MAPK signalling, cells are able to respond 
to changes in their environment, and modify their behaviour accordingly. Five 
MAPK pathways have been identified, namely MEK/ERK, JNK, p38, ERK5 and 
ERK3 (Fig. 1). Through phosphorylation and activation of both cytosolic and 
nuclear targets, MAPKs can control non-nuclear events, including cytoskeletal 
reorganisation, and gene regulation. Although the different MAPK pathways all 
contribute to the constellation MAPK signalling, they have distinct roles in cel-
lular function. Here we discuss the compartmentalisation of MAPKs and the 
involvement of molecular scaffolds. In addition, we examine how drugs are being 
targeted against specific MAPK components in an effort to develop selective 
therapies for cancer and other diseases.

1.1 The MEK/ERK Cascade

The MEK/ERK cascade, the best characterised of the MAPK pathways, is activated 
in response to protein tyrosine kinase receptors, such as EGF receptor (EGFR) or 
VEGF receptor (VEGFR) (Pearson et al. 2001). Growth factor binding induces 
receptor dimerisation and phosphorylation of the cognate receptor by intrinsic tyrosine
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kinases. Tyrosine phosphorylation of the receptor induces recruitment of proteins 
that contain SH2 (Src homology 2) domains, including the adaptor protein Grb2. 
Grb2 is constitutively bound to the Ras activator Sos and is normally localised to 
the cytosol. This relocation activates Sos, which in turn activates Ras. Ras is a 
GTPase and hydrolyses guanosine triphosphate (GTP) to guanosine diphosphate 
(GDP) (Fig. 2). When bound to GTP, Ras is able to bind to, and activate, down-
stream effectors, allowing propagation of signalling. Therefore, by regulating the 
GTP/GDP-bound state of Ras, cells have tight control over its activity. Two classes 
of proteins provide this control. GTPase-activating proteins (GAPs) upregulate the 
intrinsic GTPase activity of Ras (and therefore the rate of GTP hydrolysis), reducing 
the pool of GTP-bound Ras. Consequently, Ras GAPs act as “off” switches and 
reduce Ras activity. Guanine-nucleotide exchange factors (GEFs), in contrast, promote
the exchange of GDP for GTP, increasing the pool of GTP-bound Ras, thereby 

Fig. 1 The MAPK signalling cascades. The MAPK networks and pathways are stimulated in 
response to a variety of external cues. The five families of MAPK, MEK/ERK, JNK, p38, ERK5 
and ERK3, are induced by stimuli such as growth factors, cytokines and stress. Although these 
pathways can be activated by different environmental conditions, crosstalk occurs, enabling this 
complex network to control cellular behaviour. Adapted from (Raman and Cobb 2003). MAPKKK,
MAPK kinase kinase; MAPKK, MAPK kinase; ERK, extracellular regulated kinase; MEK,
MAPK/ERK kinase; JNK, c-Jun N-terminal kinase; MEKK, mitogen ERK kinase kinase; DLK,
dual leucine zipper-bearing kinase; MLK2, mixed lineage kinase; TAO, thousand-and-one amino 
acids; TAK, transforming growth factor-beta-activated kinase
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increasing Ras activity. Mammalian cells contain three Ras isoforms, H-Ras, K-Ras 
and N-Ras. At their C-terminal ends, Ras proteins contain a CAAX motif, in which 
a cysteine (C) is followed by two aliphatic amino acids (A) and any other amino 
acid (X). This motif is farnesylated by farnesyl transferase, resulting in membrane 
localisation of Ras GTPases (Mor and Philips 2006).

When GTP bound, Ras recruits the kinase Raf to the membrane, where is 
becomes active. There are three known isoforms of Raf, namely A-Raf, B-Raf and 
C-Raf (also termed Raf-1). The Raf proteins share common architecture and all 
function as serine/threonine kinases, but have distinct functions (Wellbrock et al. 
2004). Raf catalyses the phosphorylation and activation of the dual specificity 
kinases, MAPK/ERK kinase 1 and 2 (MEK1 and MEK2), which in turn activate 
extracellular regulated kinases, ERK1 and ERK2 (Fig. 2). Once active, ERKs 
dimerise and either translocate to the nucleus, where they phosphorylate transcrip-
tion factors, such as the Ets family, or remain in the cytosol, where they catalyse 
the phosphorylation of substrates in multiple cellular compartments (Fig. 2) 
(reviewed in Roux and Blenis 2004). The predominant sequelae of MEK/ERK signalling
are proliferation and differentiation.

Fig. 2 The MEK/ERK pathway. Growth factors, such as EGF, PDGF and NGF, induce the 
exchange of GDP for GTP on Ras, thereby activating Ras. GTP-Ras activates the Raf kinases, 
which then phosphorylate the downstream targets, MEK1 and MEK2. MEK1/2 in turn phospho-
rylates ERK1 and ERK2, which activate cytosolic and nuclear substrates by catalysing their 
phosphorylation
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1.2 JNK Pathway

The c-Jun N-terminal kinase (JNK) family consists of three ubiquitously expressed 
members, termed JNK1, JNK2 and JNK3 (Fig. 1) (Roux and Blenis 2004). The 
JNKs are strongly activated in response to cytokines, selected G-protein coupled 
receptors (GPCR) and cell stress, such as inhibition of DNA or protein synthesis. 
JNK is phosphorylated by either MEK4 or MEK7, which are themselves phospho-
rylated by several kinases, including MEKK1-4, MLK2/3 and DLK (Fig. 1). 
Following activation, JNK is translocated to the nucleus where it phosphorylates 
and upregulates several transcription factors, including c-Jun, ATF-2, STAT3 and 
HSF-1 (Roux and Blenis 2004). JNKs control apoptosis and the development of 
multiple cell types in the immune system.

1.3 p38 Pathway

There are four members of the p38 kinase family, namely α, β, γ and δ. Cytokines, 
hormones, G-protein-coupled receptors and cell stress, for example, heat or osmotic 
shock, activate these enzymes (Pearson et al. 2001). p38 kinases, which are targets of 
both MEK3 and MEK6 (Fig. 1), have numerous substrates, including MAPK inter-
acting kinases (Mnk) 1 and Mnk 2, and eukaryotic initiation factor 4e (eIF4e). p38 
regulates angiogenesis, cell proliferation, inflammation and cytokine production.

2 Specificity of MAPK Signalling

One of the fundamental questions concerning MAPK signalling is that of specifi-
city. As mentioned above, diverse environmental, chemical and molecular factors 
all activate the MAPK cascade, but each induces a distinct cellular response (Fig. 3). 
Therefore, cells have developed systems by which a specific activator produces a 
specific response (reviewed in Tan and Kim 1999; Sacks 2006). Although poorly 
understood, elucidating these mechanisms is a prerequisite to comprehend how the 
MAPK pathway is integrated into physiological systems. Several schemes have 
been proposed by which specificity is achieved. These explanations, which are not 
mutually exclusive, are briefly described below.

2.1 Receptor-Specific Pathways

Signalling specificity can occur at the level of the receptor. In this model, the outcome
of receptor activation is modulated by different intracellular components. For 
example, two types of cell may express the same receptor, but have distinct signalling
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molecules. Therefore, a single kind of receptor would activate distinct signalling 
cascades in separate tissues. Consequently, the physiological outcome of receptor 
stimulation will be different. While conceptually appealing, there is limited evi-
dence to support this theory. Some adaptor proteins, such as the Rac1 GEF, VAV 
(Adams et al. 1992) that are associated with receptors, are tissue-specific. In addi-
tion, the receptor tyrosine kinase LET-23 controls development of five different 
tissues in C. elegans, but the MAPK pathway participates in only four of these. 
Therefore, although LET-23 activates MAPK in some tissues, it also activates 
alternative signalling cascades in others (Tan and Kim 1999). Consequently, a 
degree of specificity for MAPK signalling can occur at the level of the receptor. 
How important receptor specificity is for other activators of MAPKs is unknown.

2.2 Signalling Kinetics

Modulation of signalling kinetics, namely the duration and/or strength of activation, 
elicits distinct cellular responses. The classic example of this mechanism can be 
found in the neuronal cell line PC12 (pheochromocytoma). PC12 cells proliferate in 
response to EGF, while nerve growth factor (NGF) induces differentiation (Marshall 
1995). Although very different, both sequelae are mediated via the MEK/ERK path-
way (Tan and Kim 1999). Further investigation has shown that EGF-dependant 
MAPK signalling is transient, lasting minutes, while NGF-dependant signalling is 

Fig. 3 MAPK specificity. Diverse extracellular inputs stimulate the Ras/Raf/MEK/ERK cascade, 
and each can elicit a distinct cellular outcome. Although models have been proposed to explain 
how a specific signalling cue produces a specific response, this aspect of MAPK function is poorly 
understood. GPCR, G-protein coupled receptor
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sustained, continuing for hours (Marshall 1995). Through stimulation of the TrkA 
receptor, NGF activates the MAPK cascade by two mechanisms, the Grb2/SOS 
pathway and the Rap1 pathway (York et al. 1998). Rap1, a member of the Ras 
 family, modulates integrin-mediated cell adhesion and cadherin-mediated cell junc-
tion formation by regulating several effectors, including B-Raf (Bos 2005). In 
response to NGF, Grb2/SOS produces a transient signal due to a negative feedback 
mechanism, while Rap1-dependant signalling produces sustained activation of 
B-Raf. However, EGF can activate only the Grb2/SOS pathway, resulting in a tran-
sient activation of MAPK (York et al. 1998). Consequently, these two growth factors 
induce distinct kinetics of MAPK signalling, culminating in disparate cellular out-
comes. Despite the progress in our understanding, why or how these differences in 
signalling kinetics bring about such divergent cell behaviour is not known.

2.3 Integration of Multiple Pathways

In a living organism, cells are unlikely to be stimulated by a single growth factor or 
cytokine, but rather will respond to a plethora of signals at one time. Consequently, 
cells have to integrate diverse inputs to produce a coordinated outcome. Different 
pathways may converge on a single transcription factor or promoter to regulate gene 
expression (Tan and Kim 1999). An example of this occurs in Drosophila where 
both EGF and DPP (decapentaplegic) signalling induce the expression of a gene 
termed labial, but each one alone is insufficient to promote expression (Szuts et al. 
1998). In addition to converging on single targets, separate pathways can intersect 
on complexes of transcription factors. The complex of serum-response factor (SRF) 
and ELK-1 allows integration of Rho-mediated (Marais et al. 1993) and ERK-
mediated (Hill et al. 1995) signalling pathways. Different signalling pathways could 
also intersect on proteins. This has been observed for the oestrogen receptor, which 
requires both oestrogen binding and phosphorylation by MAPK for maximal activa-
tion (Kato et al. 1995).

As well as synergistic relationships, crosstalk among signalling pathways may 
culminate in inhibition. In this situation, the inhibiting pathway would abrogate the 
activating signal. A response would occur only in cells that have the activating pathway, 
but lack the inhibiting pathway. For example, transforming growth factor β (TGF-β)
signals through SMAD1, phosphorylation of which by ERK inhibits nuclear transloca-
tion, and transcriptional activity (Kretzschmar et al. 1997). Therefore, activation of the 
MEK/ERK pathway by other growth factors attenuates TGFβ signalling.

2.4 Tissue-Specific Downstream Effectors

Tissue-specific expression of downstream effectors and transcription factors may con-
tribute to MAPK specificity (Tan and Kim 1999). While some tissue-specific MAPK-
activated transcription factors have been found, including ELK-1, SAP, NET and HSF1 
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(Treisman 1996), most appear to be ubiquitous. Nevertheless, there may be more tissue-
specific MAPK effectors that have not been identified, and this mechanism may yet 
prove to be important in providing signalling specificity to the MAPK cascade.

3 Compartmentalisation of the MAPK Pathway

The kinase cascade initiated by Ras originates from transmembrane receptors that 
are activated by external cues. Consequently, scientists initially believed that Ras 
was active only at the plasma membrane and that the MAPK pathway propagated 
from the plasma membrane to the nucleus. More recent work has shed light on the 
importance of initiation of MAPK signalling from discrete subcellular domains 
and organelles. This compartmentalisation provides not only regulation of the 
MAPK pathway, but also enables cells to distinguish MAPK signalling from dif-
ferent sources (Mor and Philips 2006). Further spatio-temporal regulation of 
MAPK is provided by molecular scaffolds (see Sect. 4, below). The combination 
of extracellular signals, compartmentalisation and molecular scaffolds creates an 
intricate system used by cells to regulate a fundamental signalling pathway.

3.1 Plasma Membrane

The plasma membrane is the cellular compartment from which the MAPK cascade 
frequently originates. Here, transmembrane receptors are activated by factors from 
the extracellular environment and propagate the signal to Ras via adaptor proteins 
and Ras GEFs. Consequently, the plasma membrane is considered to be vital for 
both spatial and temporal regulation of MAPK signalling. Far from being uniform, 
the plasma membrane contains multiple compartments that serve as nucleation sites 
for signalling complexes.

3.1.1 Caveolae

Caveolae are invaginations of the membrane, rich in cholesterol, sphingomyelin 
and glycosphingolipids, and are stabilised by the proteins caveolin-1, -2 and -3 
(Parton et al. 2006). Caveolin-1 in particular has been the focus of much research 
and is considered to be a tumour suppressor (Engelman et al. 1999). A large body 
of work has provided strong evidence for the participation of caveolae in the regula-
tion of the MAPK pathway.

EGFRs are highly enriched in caveolae (Smart et al. 1995), and many of the early 
signalling events following EGF binding, including activation of the intrinsic receptor 
tyrosine kinase activity (Mineo et al. 1996), phosphorylation of substrates (Liu et al. 
1996), recruitment of adaptors and kinases (Mineo et al. 1996) and activation of 
MAPK components (Liu et al. 1996), occur within caveolae. VEGFR2 is also enriched 
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in caveolae, potentially through association with caveolin-1 (Labrecque et al. 2003). 
VEGF-dependant activation of ERK1/2, but not phosphorylation of VEGFR2, is abro-
gated by disruption of caveolae, suggesting that while receptor function remains unaf-
fected, propagation of the signalling cascade is disrupted (Labrecque et al. 2003).

Caveolae are abundant in adipocytes, and their numbers increase during differentia-
tion of fibroblasts into fat cells (Scherer et al. 1994). Consequently, caveolae are 
thought be important for insulin signalling. Insulin regulates both metabolic and 
mitogenic signalling pathways through the insulin receptor and its target, insulin 
receptor substrate (IRS) (Taniguchi et al. 2006). The mitogenic activity of insulin is 
mediated through the MAPK pathway (Taniguchi et al. 2006). Insulin receptors and 
IRS are both localised to caveolae (Gustavsson et al. 1999; Karlsson et al. 2004). 
Disruption of caveolae renders cells resistant to insulin, by preventing phosphorylation 
of IRS by the receptor kinase (Parpal et al. 2001), and abrogates activation of ERK1/2 
(Karlsson et al. 2004), suggesting caveolae are important regulatory compartments for 
insulin-dependant signalling, including activation of the MAPK pathway.

Neurotrophins are a well-studied class of factors that activate MAPK to promote 
survival and differentiation of neurons (Kalb 2005). The NGF receptors, p75NTR and 
TrkA, are localised to caveolae in PC12 cells, and NGF binding and signalling are 
highly concentrated in these regions (Huang et al. 1999). Analogous to the insulin 
receptor, disruption of caveolae does not affect TrkA autophosphorylation, but 
abrogates ERK phosphorylation (Peiro et al. 2000). Interestingly, EGF-dependant 
ERK phosphorylation is not affected, suggesting caveolae provide some degree of 
signal specification, regulating MAPK activation in response to specific stimuli.

As a consequence of a series of posttranslational modifications, Ras is tightly 
associated with membranes (reviewed in Hancock 2003). Fractionation of Rat-1 
cells showed that caveolin-1, H-Ras and K-Ras are all enriched in caveolae (Mineo 
et al. 1996), although this localisation is not altered by EGF. Also contained in the 
caveolae are other components of MAPK signalling, including Grb2 and SOS, 
which localise to caveolae in response to EGF. However, more dramatic results 
were obtained when C-Raf was examined. EGF promoted the translocation of 
C-Raf from the cytosol to the caveolae, and C-Raf kinase activity was concentrated 
in the caveolae fractions (Mineo et al. 1996).

It appears, therefore, that caveolae provide platforms for efficient propagation of 
the MAPK cascade, from the external stimuli to intracellular components. 
By concentrating both transmembrane receptors, such as those for EGF, VEGF and 
insulin, and intracellular molecules, for example, Ras, Grb2 and SOS, caveolae 
serve as signalling modules.

3.1.2 Lipid Rafts

Lipid rafts are freely diffusing, stable assemblies of sphingolipids and cholesterol 
(reviewed in Hancock 2006). Like caveolae, lipid rafts have been proposed to act 
as signalling platforms, allowing components of a signalling pathway to congregate 
and efficiently propagate the cascade.
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Evidence supports a role for lipid rafts in MAPK signalling. Ras itself does not 
appear to be concentrated in lipid rafts. K-Ras is predominantly associated with 
non-raft membranes, and lipid rafts are not required for K-Ras signalling (Carozzi 
et al. 2002). While GDP-bound H-Ras is partially associated with lipid rafts, GTP-
bound H-Ras is completely absent from rafts (Prior et al. 2001). This raises tantalis-
ing questions as to the role played by lipid rafts during the activation/deactivation 
cycle of H-Ras. H-Ras may exist in a dynamic equilibrium between GDP-bound, 
lipid-raft-associated and GTP-bound, non-raft-associated states. Signalling from 
H-Ras requires intact lipid rafts (Carozzi et al. 2002), implying that these compart-
ments are important for H-Ras function. Mutations in the hypervariable region of 
H-Ras that confine it to lipid rafts impede activation of C-Raf and abolish the biological
function of H-Ras (Carozzi et al. 2002). Consequently, C-Raf localised to lipid rafts 
has a lower kinase activity than that localised outside the rafts. These data suggest 
that GDP-bound H-Ras transiently enters lipid rafts, but once activated, leaves the 
rafts and stimulates C-Raf outside of these domains.

Stimulation of the T-cell antigen receptor (TCR) initiates multiple signalling 
pathways, including the MAPK pathway, which are important for T cell function 
during immune responses (Qian and Weiss 1997). Following activation of the 
receptor, the adaptor protein Shc is tyrosine phosphorylated, promoting its interaction
with Grb2 and SOS (Ravichandran et al. 1993) and recruiting them to the receptor. 
It has been known for some time that lipid rafts are required for TCR function 
(Montixi et al. 1998). Following ligand binding, the TCR localises to lipid rafts, 
where Shc becomes phosphorylated (Xavier et al. 1998). When artificially localised 
to plasma membranes, Shc concentrates in lipid rafts, where it becomes constitu-
tively phosphorylated, promoting Ras/Raf/MEK/ERK signalling in the absence of 
activated TCR (Plyte et al. 2000). Membrane-localised Shc increases TCR-dependant 
activation of the transcription factor NF-AT in a Grb2-dependant manner (Plyte 
et al. 2000), providing strong evidence that lipid rafts are important for TCR-
dependant MAPK signalling.

3.2 Endosomes

Following activation, receptors such as those for growth factors are internalised into 
endosomes, in a process that was originally considered to be exclusively a recycling 
process. However, more recent studies have demonstrated that endosomes also act 
as signalling platforms, allowing propagation of MAPK cascades (Hancock 2003).

Signalling components, including Shc, Grb2, SOS and Ras, have been found on 
endosomes containing EGFR (Pol et al. 1998). After receptor internalisation, EGF 
does not dissociate from the EGFR (Lai et al. 1989), which remains tyrosine phos-
phorylated and co-localises with GTP-Ras (Burke et al. 2001; Jiang and Sorkin 
2002). Cells deficient in clathrin-mediated endocytosis also exhibit impaired acti-
vation of ERK by various receptor tyrosine kinases (Vieira et al. 1996; Kranenburg 
et al. 1999), suggesting endocytosis is an important step in MAPK signalling. 
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Interestingly, signalling from H-Ras, but not K-Ras, is dependant on efficient endo-
cytosis (Roy et al. 2002), highlighting again the functional differences between the 
Ras isoforms. Showing that activation of MAPK components can occur from endo-
somes, and not from membrane-associated receptors prior to endocytosis, is a dif-
ficult proposition. However, an elegant study from Wang et al. (2002) demonstrated 
that internalised EGFR, contained in endosomes, can activate ERK.

Signalling from endosomes may provide specificity of MAPK signalling and 
therefore modulate cellular responses. For neuronal cells in particular, endosomes 
appear to provide an important platform for MAPK components in response to 
growth factors. These cells must interpret stimuli from multiple neurotrophins that 
bind to receptors at synaptic terminals (Chao 2003). The signals have to be trans-
ported along the length of axons and dendrites, some up to 1 m long, to the cell body 
and the nucleus. Compelling evidence suggests that endosomes provide the cells 
with the solution to this problem. Following NGF binding, phosphorylated TrkA 
receptors are found in vesicles that also contain Shc, Ras, C-Raf and ERK (Howe 
et al. 2001). These endosomes are transported by retrograde motion into the cell 
body (Howe and Mobley 2004), and accumulation of phosphorylated TrkA recep-
tors can be found in the cell bodies of neurons (Howe and Mobley 2005). Analysis
in PC12 cells implies that MAPK signalling from endosomes and the plasma 
membrane can differentially regulate cellular responses to stimuli. Following NGF 
stimulation, active TrkA receptors, contained within endosomes, are able to promote 
both neuronal survival and differentiation, while active TrkA receptors confined to 
the plasma membrane can promote only cell survival (Zhang et al. 2000).

As described above, NGF induces internalisation and retrograde transport of the 
TrkA receptor in neurons. However, another neurotrophin that also signals through 
the TrkA receptor, NT-3, does not cause internalisation (Kuruvilla et al. 2004). 
These two neurotrophins play divergent roles, at different times, during develop-
ment of the nervous system (reviewed in Chao 2003). Therefore, these two factors 
provide an example of how compartment-specific signalling can produce distinct 
responses from the same receptor.

3.3 Golgi and Endoplasmic Reticulum

Ras proteins localise to both the Golgi and endoplasmic reticulum (ER). Differences 
are observed among the Ras isoforms. While both N-Ras and H-Ras localise to the 
plasma membrane, Golgi and the ER, K-Ras is more restricted and is found pre-
dominantly at the plasma membrane (Choy et al. 1999). With the development of 
markers, consisting of the Ras-binding domain of C-Raf linked to a fluorescent tag, 
which permit visualisation of GTP-bound Ras, active H-Ras was observed to local-
ise at the Golgi and ER following growth-factor stimulation (Chiu et al. 2002). 
Interestingly, the kinetics of H-Ras activation differs among cellular compartments. 
At the plasma membrane and the ER, H-Ras activation is rapid, occurring within 
1 min, and reversed after 20–40 min, while activation at the Golgi is delayed, taking 
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10 min, and persisting for 60 min (Chiu et al. 2002). Localisation to neither the Golgi 
nor ER is affected by inhibiting vesicular transport, suggesting that Ras is activated 
in situ by a diffusible factor. This premise has turned out to be correct, and the factor 
was identified as calcium (Bivona et al. 2003; Arozarena et al. 2004). Calcium acti-
vates distinct Ras GEFs on the Golgi (Bivona et al. 2003) and ER (Arozarena et al. 
2004), resulting in activation of Ras, and thereby bypassing the typical Grb2/SOS 
pathway. Interestingly, calcium also activates the Ras GAP, CAPRI, at the plasma 
membrane (Lockyer et al. 2001), enabling differential activation/deactivation of Ras 
to occur in distinct cellular compartments.

A physiological role for MAPK signalling from the ER or the Golgi has been dif-
ficult to elucidate. Nevertheless, some difference in signalling between these two 
compartments has been demonstrated. Ras61L tethered to the Golgi is a strong activa-
tor of ERK and the Akt protein kinase (also known as protein kinase B), but weakly 
activates JNK. Conversely, when tethered to the ER, Ras61L strongly activates JNK, 
while only weakly activating ERK and Akt (Chiu et al. 2002). In Jurkat T cells, low-
grade stimulation of the TCR upregulates the Ras GEF, Ras GRP1, and results in 
restriction of active N-Ras to the Golgi (Perez de Castro et al. 2004). The highly 
restricted activation suggests N-Ras signalling from the Golgi plays an important role 
in T-cell activation. Finally, an ER-confined Ras effector, ER-associated Ras inhibitor 
protein 1 (ERI1), was discovered in Saccharomyces cerevisae (Sobering et al. 2003). 
ERI1 binds to and inhibits GTP-Ras2p at the ER.

4 Molecular Scaffolds

The signalling output of the MAPK cascade is tightly controlled by both the cellular 
compartment from which the signal originates and the duration of the signal. Cells 
have developed a class of proteins that confer spatial and temporal regulation of the 
MAPK pathway. Molecular scaffolds bind to multiple members of the MAPK path-
way, bringing them into close proximity and thereby facilitating efficient propaga-
tion of the signal (Fig. 4). Consequently, these proteins act as a signal module that 
can regulate not only the intensity of the signal, but also the cellular compartment 
from which the signal originates (Fig. 5). Therefore, scaffolds provide an intricate 
level of control over MAPK signalling. Originally identified in yeast (Elion 2001), 
several scaffolds that modulate MAPK activity have been recognised (Morrison and 
Davis 2003; Kolch 2005). Some of these will be discussed here.

4.1 Kinase Suppressor of Ras

Kinase suppressor of Ras (KSR) is a scaffold with a high degree of homology with 
C-Raf, although it does not appear to have any kinase activity (reviewed in Morrison 
2001). KSR, which is one of the best characterised scaffolds in the MAPK pathway, 
binds to C-Raf, MEK1/2 and ERK1/2. Interestingly, MEK is constitutively associ-
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Fig. 4 Molecular scaffold for the MEK/ERK pathway. Molecular scaffolds bind to multiple compo-
nents of the MAPK cascade, bringing them into close proximity, thereby facilitating signal propagation

ated to KSR, while ERK binds only in response to a stimulus. As is typical for 
scaffolds, optimal expression levels of KSR are required for maximal responses of 
MAPK to signalling cues (Kortum and Lewis 2004).

KSR seems to provide a docking platform at the plasma membrane onto which 
C-Raf, MEK1/2 and ERK1/2 can form a complex and allows efficient propagation 
of the signalling cascade (Fig. 5). In support of this notion is the finding that in 
quiescent cells, KSR is maintained in the cytosol through an interaction with 14-3-3 
(Muller et al. 2001) and in a Triton-insoluble fraction through an interaction that 
“impedes mitogenic signal propagation” (IMP) (Matheny et al. 2004). Following 
stimulation by growth factors, KSR translocates to the plasma membrane, where it 
facilitates activation of MEK and ERK (Muller et al. 2001). Therefore, KSR is able 
to regulate the spatial activation of MEK/ERK, and presumably the cellular response. 
This concept is bolstered by the observation that overexpression in PC12 cells of 
B-KSR, a neuronal-specific isoform of KSR, switches EGF signalling from a brief 
proliferative signal to a sustained differentiation signal (Muller et al. 2000).

Although developmentally normal, KSR knockout mice have defects in antigen-
triggered T cell proliferation (Nguyen et al. 2002) and are resistant to antibody-
induced arthritis (Fusello et al. 2006). Furthermore, mouse embryonic fibroblasts 
from knockout mice display defects in activation of ERK by TNF-α and inter-
leukin-1 (Fusello et al. 2006). Together, these studies strongly suggest that KSR 
fulfils an important role in the regulation of MAPK signalling during the immune 
response and inflammation. Interestingly, KSR null mice are less susceptible to 
Ras-mediated skin cancer (Lozano et al. 2003), identifying a role for KSR in the 
regulation of MAPK-mediated cell proliferation.
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4.2 IQGAP1

IQGAP1 is a large, widely expressed protein that regulates many signalling path-
ways and cellular functions (reviewed in Briggs and Sacks 2003a; Brown and 
Sacks 2006). With several domains, IQGAP1 is able to bind to a broad spectrum 
of proteins (Brown and Sacks 2006), thereby modulating actin dynamics, micro-
tubule dynamics, cell–cell adhesion and transcriptional regulation. Recent studies 
have provided strong evidence that IQGAP1 is a scaffold for the MAPK cascade. 
IQGAP1 binds directly to MEK1, MEK2, ERK1 and ERK2 (Fig. 5) and regulates 
their activation in response to EGF (Roy et al. 2004, 2005) and CD44 (Bourguignon 
et al. 2005). Analogous to KSR, both an increase and a decrease in the IQGAP1 
expression level attenuates EGF-dependant activation of MEK and ERK, suggest-
ing that the correct stoichiometry of IQGAP1 to MAPK components is required 
for efficient propagation of the cascade (Roy et al. 2004, 2005). Interestingly, 
while ERK associates constitutively with IQGAP1 and the binding is not sensitive 

Fig. 5 Spatial regulation of MEK/ERK signalling by molecular scaffolds. Molecular scaffolds 
regulate the subcellular distribution of components of the MAPK pathway. Both IQGAP1 and 
KSR bind to Raf, MEK and ERK and are thought to localise the kinases to the plasma membrane, 
while MP-1 (through it interaction with p14) localises active MEK and ERK to endosomes. 
Following activation, ERK is free to phosphorylate cytosolic targets or translocate to the nucleus 
and activate nuclear targets. Like MP-1, β-arrestins localise Raf, MEK and ERK to endosomes. 
However, once activated ERK is prevented from translocating to the nucleus and is restricted to 
cytosolic targets by an unknown mechanism. Sef localises MEK and ERK to the Golgi and, like 
β-arrestin, prevents translocation of ERK to the nucleus, limiting it to cytosolic substrates
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to EGF, the interaction between IQGAP1 and MEK1 increases, while that with 
MEK2 decreases following EGF treatment (Roy et al. 2005). This raises the pos-
sibility that IQGAP1 preferentially activates the MEK1 signalling pathway. It has 
been suggested that MEK1 promotes proliferation, while MEK2 promotes differ-
entiation (Ussar and Voss 2004), and IQGAP1 may therefore regulate the cellular 
response to MAPK signalling. In addition, new findings reveal that IQGAP1 binds 
directly to B-Raf and modulates B-Raf kinase activity (Ren et al. 2007). 
Importantly, deletion of IQGAP1 renders B-Raf insensitive to EGF stimulation. 
Together these findings highlight the importance of IQGAP1 in the B-Raf/MEK/
ERK signalling cascade.

Following stimulation with growth factors, the MAPK pathway regulates 
many cellular responses, one of which is the modulation of the cytoskeleton 
(Reszka et al. 1997). IQGAP1 is a well-documented regulator of the actin and 
microtubule cytoskeletons (Briggs and Sacks 2003b; Noritake et al. 2005), and it 
is tempting to speculate that IQGAP1 links MAPK signalling to cytoskeletal 
dynamics. In support of this idea, both IQGAP1 and ERK2 localise to microtu-
bule-associated protein-2 in neuronal cells (Morishima-Kawashima and Kosik 
1996; Li et al. 2005).

4.3 MEK Partner-1

MEK partner-1 (MP-1) is a widely expressed scaffold that promotes the association 
of MEK with ERK, thereby facilitating ERK phosphorylation (Schaeffer et al. 
1998). Through an interaction with p14, MP-1 is localised to endosomes (Fig. 5), 
and a reduction in expression of either MP-1 or p14 attenuates EGF-dependant 
ERK activation (Teis et al. 2002). Conversely, increasing expression of either MP-1 
or p14 promotes activation of ERK by EGF. Endosome localisation is crucial for 
MP-1 activity, as mislocalisation abrogates the positive effect of MP-1 overexpres-
sion on ERK activation (Teis et al. 2002). MP-1 binds MEK1 constitutively, but 
associates with ERK transiently. Following phosphorylation by MEK1, ERK is 
released from MP-1, and it has been proposed that MP-1 can translate a weak MEK 
signal into sustained ERK activation (Sharma et al. 2005).

4.4 b-Arrestins

β-Arrestins are well-known regulators of GPCR. Following activation of the receptor, 
β-arrestins bind to phosphorylated motifs, causing dissociation of the heterotrimeric 
G-protein, and targets the receptor to clathrin-coated pits (Fig. 5) (reviewed in 
Lefkowitz and Whalen 2004). Downstream of GPCR, β-arrestins assemble complexes 
of C-Raf, MEK and ERK, which accompany the receptor to early endosomes to pro-
mote efficient MAPK signalling (Tohgo et al. 2003). Importantly for compartmental-
ised MAPK signalling, β-arrestins prevent the translocation of ERK into the nucleus 
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(Fig. 5), thereby reducing phosphorylation of nuclear substrates and consequently 
MAPK-dependant gene expression (Tohgo et al. 2003). Instead, active ERK is main-
tained in the cytosol, presumably promoting phosphorylation of cytosolic targets.

4.5 Similar Expression to FGF

Similar expression to FGF (Sef) is a transmembrane protein, whose expression is 
under the control of fibroblast growth factor (FGF) (Furthauer et al. 2002). Sef 
captures active MEK/ERK complexes at the Golgi (Fig. 5), promoting ERK activa-
tion (Torii et al. 2004). Like β-arrestin, Sef prevents translocation of ERK to the 
nucleus, thereby restricting signalling to cytosolic substrates (Torii et al. 2004). 
Because of the distinct roles of MAPK signalling from the Golgi, Sef is likely to 
influence the cellular response to MAPK activation. Indeed, expression of Sef in 
PC12 cells prevents FGF and NGF-dependant differentiation (Xiong et al. 2003).

5 MAPK as Drug Targets

As described above, the MAPK cascade regulates numerous cellular functions, 
many of which have been implicated in disease. The ability of this pathway to regulate
growth factor signalling, differentiation, proliferation and immune responses has 
made it an attractive target for pharmacological agents targeting cancer or inflammatory
disorders. Furthermore, the diversity of the signalling networks should enable drugs 
to target highly specific cellular responses, thereby reducing side effects. Here we 
discuss the current therapies directed against the MAPK pathway, and the signal-
ling components that provide potential future targets.

5.1 MAPK and Oncogenes

The participation of the MAPK signalling module in cancer has been the subject of 
intense research. Ras genes encoded by rat sarcoma virus, v-H-Ras and v-K-Ras,
were among the first oncogenes discovered (DeFeo et al. 1981; Ellis et al. 1981; 
Ruta et al. 1986). These mutant forms of cellular Ras genes are insensitive to the 
activity of GAPs. Consequently, the mutant Ras proteins are constitutively GTP-bound,
and therefore constitutively active. Ras is the most common mutated oncogene in 
human neoplasms, with 30% of all cancers harbouring a Ras mutation (Mor and 
Philips 2006). The Ras isoforms display distinct prevalence among different cancers. 
K-Ras mutations have been found in non-small-cell lung, colorectal, ovarian and 
pancreatic carcinomas, H-Ras in bladder, kidney and thyroid carcinomas and N-Ras 
in melanoma, hepatocellular carcinoma and haemtologic malignancies (Mor and 
Philips 2006). Mutations in N-Ras are particularly prevalent in melanoma, having 
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been identified in 15–30% of cases (Gray-Schopfer et al. 2007). The most common 
mutation is Q61L, which results in constitutively GTP-bound Ras, and therefore 
hyperstimulation of the MAPK cascade (Gray-Schopfer et al. 2007).

In addition to Ras, other proteins in the MAPK pathway contribute to carcinogenesis. 
The B-Raf mutation, V600E (originally reported as V599E, Wellbrock et al. 2004), has 
been identified in approximately 60% of patients with human melanoma and is the most 
common mutation is such cancers (Gray-Schopfer et al. 2007). The V600E mutation 
results in highly active B-Raf kinase, which is independent of the GTP/GDP-bound state 
of Ras. Consequently, the Raf/MEK/ERK cascade is hyperactive. Further mutations in 
B-Raf have been identified in breast, colon and ovarian cancer (Davies et al. 2002).

Many cancers display MAPK hyperactivation without any of the mutations 
described above, suggesting deregulation of the cascade by (an) unknown 
mechanism(s). While it is possible that the overactive MAPKs contribute to 
tumourogenesis, it is not clear whether the hyperactivity is a cause or conse-
quence of neoplastic transformation. Increased ERK phosphorylation and expres-
sion has been found in pancreatic cancer (Tan et al. 2004), and increased ERK 
phosphorylation correlates with tumour progression in prostate cancer (Gioeli et al. 
1999). Increased MEK phosphorylation has been identified in colon cancer (Lee 
et al. 2004) and in 74% of myeloblasts in acute myelogenous leukaemia (Milella 
et al. 2005). Finally, increased MAPK activity has also been demonstrated in 
breast cancer (Sivaraman et al. 1997; Coutts and Murphy 1998). The involvement 
of the MAPK pathway in breast cancer is complicated because of the crosstalk 
between MAPKs and oestrogen signalling. Treatment of breast cancer cells with 
estradiol activates MAPKs directly and potentially indirectly through increased 
production of TGFα, IGF-1 and IGFR (Santen et al. 2002). Consequently, 
MAPKs contribute, at least in part, to estradiol-dependant proliferation. The ability 
of ERK to phosphorylate and activate the oestrogen receptor provides a potential 
positive feedback mechanism (Kato et al. 1995). Importantly for treatment of 
breast cancer, pharmacologically depriving hormone-dependant breast cancer cell 
lines of estradiol increases MAPK activity, leading to regrowth of the tumour 
(Santen et al. 2002).

5.1.1 Targeting the MAPK Pathway for Cancer Therapy

Due to the overwhelming evidence for increased activation of the MAPK path-
way in multiple cancers, it is not surprising that components of this signalling 
network have been a focus of the pharmacotherapeutic industry (Gray-Schopfer 
et al. 2007). The MAPK cascade can be targeted at different levels, ranging from 
receptors in the plasma membrane through Ras, Raf and MEK to ERK. Several 
compounds, such as the tyrosine kinase inhibitor, Imatinib, which inhibits the 
ABL, KIT and PDGFR kinases (Pui and Jeha 2007), have been developed to 
inhibit receptor function. These agents will not be addressed in this review. We 
will concentrate here on the efforts to target the intracellular components of the 
MAPK cascade.
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5.1.2 Ras

Four farnesyl transferase inhibitors (FTIs) are in phase-III clinical trials, at the time 
of writing, showing positive responses for breast, pancreatic and colorectal cancers 
as well as leukaemia. These compounds compete with farnesyl transferases for the 
CAAX motif, thereby preventing addition of a farnesyl group. By this mechanism, 
FTIs inhibit membrane localisation of Ras (Adjei 2001) and consequently its acti-
vation by membrane-localised GEFs. The specificity of these agents has not been 
unequivocally established, and it is possible that these drugs also attenuate far-
nesylation of proteins other than Ras (Adjei 2001).

In the presence of FTIs, both K-Ras and N-Ras can be geranylgeranylated 
(James et al. 1996). Geranylgeranylation is a posttranslational modification cata-
lysed by geranylgeranyltransferase type 1. A 20-carbon geranylgeranyl lipid is 
added to small GTPases, such as RhoA or Cdc42, to localise them to the plasma 
membrane. A recent study showed that deletion of geranylgeranyltransferase type 
1 inhibits K-Ras-dependant cell proliferation and lung tumour formation, thereby 
increasing survival of mice expressing oncogenic K-Ras in lung tissue (Sjogren 
et al. 2007). Therefore, combined therapy, antagonising both geranylgeranyltrans-
ferases and farnesyltransferases, may be more effective than monotherapy in 
targeting Ras.

5.1.3 Raf

Raf kinases also provide attractive pharmacotherapeutic targets, and several C-Raf 
inhibitors are currently in clinical trials. ISIS5132 is a small antisense oligonucleotide 
that reduces C-Raf mRNA and kinase activity. Antisense oligonucleotides decrease 
protein production by specifically blocking the coding gene, thereby reducing the 
amount of the target protein in tumour cells. ISIS5132 is currently in phase-II trials 
for metastatic breast cancer and metastatic ovarian cancer. A second antisense oligo-
nucleotide targeting C-Raf, LErafAON-ETU (Neopharm), is in phase-I studies for 
advanced solid tumours. Small molecule inhibitors of C-Raf, such as XL-281 
(Exelixis), have also progressed into early clinical trials. It is possible that some of 
the small molecules also inhibit enzymes other than C-Raf, such as receptor tyrosine 
kinases (Sebolt-Leopold and Herrera 2004). The multi-kinase inhibitor, sorafenib 
(BAY 43-9006), which targets B-Raf, C-Raf, VEGFR and PDGFR, was approved 
by the US Food and Drug Administration in 2005 for treatment of adults with 
advanced renal cell carcinoma.

The identification of the important contribution of V600EB-Raf to the develop-
ment of melanoma has stimulated the interest of many companies to target B-Raf 
in the chemotherapy of melanoma (Gray-Schopfer et al. 2007). A specific 
B-Raf inhibitor, CHIR-265, is in phase-I safety trials (Gray-Schopfer et al. 2007), 
while sorafenib has reached phase II. Alone sorafenib has modest activity against 
melanoma and is far more effective when combined with other therapies (Flaherty 
2006). The reason why sorafenib monotherapy of melanoma is ineffective is not 
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known. More potent B-Raf drugs are required to ascertain whether B-Raf is a suit-
able target in melanoma (Gray-Schopfer et al. 2007). In addition to targeting B-Raf, 
inhibitors of C-Raf are being explored as potential chemotherapeutics for 
melanoma. The rationale is that C-Raf is required for proliferation of melanoma 
cells harbouring V600EB-Raf and also activates MEK in melanoma caused by Ras 
mutations (Dumaz et al. 2006).

5.1.4 MEK

Downstream from B-Raf, antagonism of MEK is being pursued as potential therapy 
for melanoma. Two MEK inhibitors, PD0325901 (Pfizer) and AZD6244 
(Astrazeneca), attenuate in vitro proliferation, soft-agar colony formation and 
matrigel invasion of melanoma cell lines harbouring the V600EB-Raf mutation 
(Collisson et al. 2003). Interestingly, melanoma cells with V600E B-Raf are more 
sensitive to MEK inhibition than melanoma cells harbouring an activating Ras 
mutation (Solit et al. 2006), suggesting mutant Ras signals through pathways other 
than MEK/ERK in melanoma. Both PD0325901 and AZD6244 have recently 
moved to phase-II studies for advanced melanoma (Gray-Schopfer et al. 2007). 
Blocking MEK function is also being evaluated in other neoplasms. The MEK 
inhibitor XL518 (Exelixis) is in phase-I trials for patients with solid tumours.

5.1.5 ERK

Direct inhibition of ERK activity has not been widely adopted as a therapeutic 
approach. Instead, blocking the ability of MEK to phosphorylate ERK has been 
used to downregulate ERK function.

5.1.6 p38

Although the MEK/ERK pathway has been the major MAPK pathway targeted for 
cancer chemotherapy, inhibitors of p38 are currently also being assessed. For exam-
ple, SCIO-469 (Scios) is in phase-II studies for myelodysplastic syndrome.

5.2 MAPK and Inflammatory Diseases

There is a wealth of evidence highlighting MAPK function in the regulation and 
function of the immune system (Alberola-Ila and Hernandez-Hoyos 2003; Ashwell 
2006). Consistent with these data, the MAPK cascade has been implicated in patho-
genesis of numerous inflammatory disorders. For example, the activity of the major 
MAPK pathways is increased in rheumatoid arthritis (Sweeney and Firestein 2006). 
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In psoriasis, both expression and activity of ERK are enhanced, and JNK phospho-
rylation is increased (Sweeney and Firestein 2006). p38 contributes to inflammatory 
bowel disease, allergic airway disease and asthma, and increased JNK activity has 
been shown in systemic lupus erythematosus (Sweeney and Firestein 2006).

5.2.1  Targeting the MAPK Pathway for Treatment 
of Inflammatory Diseases

Highly potent and specific p38 inhibitors block the production of inflammatory 
cytokines such as IL-1, TNF-α and IL-6. Consequently, such compounds are under 
investigation for treating inflammatory disorders, including inflammatory bowel dis-
ease, asthma and rheumatoid arthritis (Kumar et al. 2003). Antagonism of p38 in an 
animal model of asthma reduces both cytokine production and chemotaxis of eosi-
nophils into the airways (Popescu 2003). Rheumatoid arthritis is an inflammatory dis-
ease of the synovial joints marked by production of pro-inflammatory cytokines. 
Inhibitors of p38 have been effective in animal models of rheumatoid arthritis (Kumar 
et al. 2003), and these drugs, such as PH-797804 (Pfizer), are in clinical trials.

In animal models, JNK inhibitors reduced recruitment of leukocytes in asthma 
and attenuated joint destruction in arthritis (O’Neill et al. 2006). The p38 and JNK 
inhibitor, CNI-1493 (Cytokine PharmaSciences), which reduces both macrophage 
activation and production of TNF-α, IL-1 and IL-6, entered early human studies for 
inflammatory bowel disease (Stokoe et al. 1994). Patients exhibited mucosal heal-
ing and reduced disease activity, lending some hope for these therapies. Currently, 
CNI-1493 is undergoing phase-III trials for Crohn’s disease.

5.3 Targeting the MAPK Pathway in Other Diseases

While the focus of research in manipulating the MAPK cascade in disease has con-
centrated on cancer and inflammatory disorders, there is evidence to suggest that 
modulation of these kinases may prove effective in other conditions. For example, 
replication of human immunodeficiency virus (HIV) is attenuated in both T cells 
and monocytes by the p38 inhibitor, RWJ67657 (Muthumani et al. 2004). Activity 
of reverse transcriptase was suppressed, while HIV-induced apoptosis of T cells 
was blocked, suggesting that targeting the p38 MAPK pathway could provide a 
means to reduce HIV pathogenicity.

In a mouse animal model of myocardial injury, inhibition of both p38 and 
fibroblast growth factor (FGF) increased mitosis in cardiomyocytes, reduced 
scarring and wall thinning and improved cardiac function (Engel et al. 2006). 
While the p38 inhibitor alone did not improve cardiac function, it did increase 
cardiomyocyte mitosis. These findings raise the possibility that the p38 MAPK 
pathway may be targeted, potentially in combination with other treatments, to 
promote recovery following a heart attack. Consistent with these preclinical obser-
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vations, the p38 inhibitor SB-681323 (GlaxoSmithKline) is in phase-II studies for 
patients with coronary heart disease.

5.4  Future Direction for Therapies Directed 
Against the MAPK Cascade

Although several MAPK inhibitors are currently under assessment in clinical trials, 
advances in developing novel therapies for treatment of cancer and inflammatory 
disease have been disappointing. There are problems associated with the use of 
conventional kinase inhibitors for targeting the MAPK pathway, including lack of 
specificity, which potentially contributes to adverse effects. In order to address this 
issue, future therapies will need to use alternative methods to regulate MAPK sig-
nalling, and several approaches are being pursued.

5.4.1 Small Molecules

Many of the MAPK inhibitors are targeted against the ATP-binding site of the 
kinases. The structure of the ATP-binding pocket for several of these kinases has 
been solved, and it is relatively straightforward to design small molecules that 
block access of ATP, thereby specifically inhibiting the kinase. Over the last few 
years, a different strategy has emerged. The objective is to modulate protein:protein 
interactions with small molecules. Although more challenging than conventional 
kinase inhibitors, advances in our knowledge and understanding of protein com-
plexes will greatly facilitate the development of such compounds. For example, in 
the MAPK pathway, inhibiting the association between Ras and SOS should be an 
effective method to reduce the activation of Ras in response to growth factors. This 
concept has been established in principle. A small molecule, NSC23766, which 
inhibits the interaction between Rac1 and the Rac1 GEFs TrioN and Tiam1 in vivo, 
prevents activation of Rac1 and attenuates Rac1-dependant cell growth, colony for-
mation and anchorage-dependant growth (Gao et al. 2004). Another approach 
would be to stabilise the GTPase in a non-functional complex. Again, this has been 
shown for a GTPase other than Ras. The antibiotic, Brefeldin A, stabilises the com-
plex of GDP-bound Arf with Arf GEFs, thereby preventing signalling (Peyroche et 
al. 1999). These preclinical studies establish proof-of-principle and are likely to 
eventually yield agents that are suitable for clinical studies.

5.4.2 Compartment-Specific Inhibition

As described above, the compartment from which MAPK signals influences the cel-
lular response to the stimulus. Therefore, it would be advantageous to inhibit MAPK 
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in a specific cellular domain, such as endosomes or the Golgi, while minimising 
interference of MAPK signalling from other parts of the cell. The selective targeting 
of MAPK signalling from a distinct compartment may modulate a discrete MAPK 
response, thereby antagonising signalling from a specific stimulus or from a particu-
lar upstream kinase. Importantly, by not inhibiting total cellular MAPKs, pathways 
that are not involved in the disease or disorder should be spared. Such therapies 
could provide high selectivity with potentially fewer adverse effects. At present, 
there is no evidence that such an approach is feasible or effective. Although concep-
tually appealing, a greater understanding of MAPK signalling from distinct subcellular 
compartments is required before such compounds can be developed.

5.4.3 Molecular Scaffolds

In the future, molecular scaffolds may provide effective therapeutic targets. 
Multiple scaffolds participate in the MAPK pathway, with each probably having a 
specific, non-overlapping function. Scaffolds are also important regulators of the 
localisation of many MAPK components (see Sect. 4). Pharmacological modula-
tion of scaffolds may enable specific regulation of MAPK function, directing the 
cellular response towards (or away from) a particular response (e.g. cell proliferation),
without attenuating global MAPK activity. Furthermore, targeting scaffolds may 
allow inhibition of MAPK signalling from a specific cellular compartment, provid-
ing further specificity to MAPK modulation. There is little evidence to show effective 
pharmaceutical targeting of scaffolds. Nevertheless, published data support the 
concept. For example, KSR appears to be involved in Ras-mediated cancer (see 
Sect. 4.1) and could, therefore, provide an effective target for tumours displaying 
hyperactive Ras. In addition, KSR knockout mice are less susceptible to induction 
of rheumatoid arthritis and exhibit defects in TNF-α and IL-1 signalling (Fusello 
et al. 2006), suggesting that KSR could also provide a novel target for therapeutic 
intervention in inflammatory diseases.

Like KSR, IQGAP1 is a scaffold in MAPK signalling and has been implicated 
in carcinogenesis (Briggs and Sacks 2003b; Brown and Sacks 2006). For example, 
IQGAP1 is upregulated by gene amplification in some diffuse types of gastric 
carcinoma (Sugimoto et al. 2001), and IQGAP1 protein is overexpressed in color-
ectal carcinoma, particularly at the invasion front (Nabeshima et al. 2002). The 
translocation of IQGAP1 from the cytoplasm to the cell membrane, which inhibits 
E-cadherin-mediated cell–cell adhesion (Li et al. 1999), correlates with E-cadherin 
dysfunction and tumour dedifferentiation in gastric carcinoma (Takemoto et al. 
2001). In addition, a screen for genes exhibiting altered expression in a mouse 
model of metastatic melanoma, identified Iqgap1, its regulator, calmodulin and 
ERK as 3 of only 32 genes (from ∼10,500 arrayed genes) that showed a >2.5-fold 
increase in expression in metastatic cells (Clark et al. 2000). Therefore, IQGAP1 
and calmodulin are likely to be important in metastasis. Furthermore, IQGAP1 
promotes cell migration and invasion, via direct interactions with Cdc42, Rac1, 
actin and calmodulin (Mataraza et al. 2003a, 2007). Importantly, overexpression of 
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IQGAPI in human breast epithelial cells increases formation and invasion of 
tumours in immunocompromised mice, while human breast carcinoma displays 
higher IQGAPI expression levels compared with normal breast tissue (Jadeski et al. 
2008). Collectively, these data suggest IQGAP1 is involved in tumourigenesis and 
metastasis, and therefore may provide a novel target for therapeutic intervention.

While no chemical inhibitors of IQGAP1 have been developed, two approaches 
support the concept of IQGAP1 as a therapeutic target. In the first approach, trans-
fection of a dominant negative IQGAP1 construct reduced motility and invasion 
of malignant human breast epithelial cells (Mataraza et al. 2003a). Moreover, 
dominant negative IQGAP1 reduced the motility of malignant breast cells induced 
by constitutively active Cdc42 (Mataraza et al. 2003a). The second strategy 
employed a peptide corresponding to the Cdc42-binding domain of IQGAP1, 
which disrupts the interaction between Cdc42 and IQGAP1 (Mataraza et al. 2003b). 
Treatment of cultured cells with this cell-permeable peptide inhibited protein-
tyrosine phosphatase µ-mediated neurite outgrowth (Phillips-Mason et al. 
2006). These approaches neither targeted MAPK signalling, nor are they amena-
ble to oral or parenteral therapy. Nevertheless, the findings suggest that modulat-
ing IQGAP1 function may be beneficial. The peptide strategy was implemented to 
modulate the function of the JNK pathway scaffold, JNK interacting protein 1 
(JIP1). A peptide corresponding to the JNK binding domain of JIP1, which inhib-
its JNK activity (Barr et al. 2004), protected neurones in a mouse model of 
Parkinson’s disease (Xia et al. 2001).

Documentation of the participation of other MAPK scaffolds in neoplasia is less 
abundant, but some of it is persuasive. For example, loss of Sef expression correlates 
with high-grade metastatic prostate cancer (Darby et al. 2006). In addition, through an 
interaction with c-Src, β-arrestins modulate transactivation of EGFR by prostaglandin 
E

2
 in colorectal carcinoma cell lines (Buchanan et al. 2006). The interaction between β-

arrestin and c-Src is crucial for migration of colorectal carcinoma cells in vitro and 
metastasis in vivo. Thus, disruption of the normal homeostatic regulation mediated by 
the scaffolds may result in neoplasia. Collectively, the evidence outlined above supports 
the concept of developing compounds that selectively modulate the interaction of scaf-
folds with individual targets as a means to specifically modify MAPK activity.

6 Perspectives

It is now clear MAPK signalling is considerably more intricate than originally 
believed. Once considered to occur only at the plasma membrane, signalling is now 
known to originate from endomembranes including the Golgi, ER and endosomes, 
as well as from specific plasma membrane compartments. The cellular domain 
from which MAPK signals is an important factor in determining how the cell 
responds to a particular stimulus. This localisation is partly under the regulation of 
post-translational modifications, such as farnesylation. However, it is becoming 
evident that molecular scaffolds are integral to spatio-temporal regulation of signalling.



228 M.D. Brown, D.B. Sacks

The combination of spatial, temporal and amplitude regulation, coupled with the 
large number of external factors known to activate the MAPKs, provides a glimpse 
of a complex network of pathways and how cells are able to interpret diverse sig-
nals to appropriately respond to their environment.

While many of the MAPK components have been targeted for therapy, as yet 
this strategy has failed to yield effective pharmacotherapeutic agents. The lack of 
efficacy may be due, at least in part, to the lack of selectivity when inhibiting a key 
signalling kinase, such as MEK, Raf or p38. Because these kinases regulate myriad 
cellular functions, inhibiting their activity is likely to affect multiple processes, 
some not linked to the pathophysiology of the disease being targeted. Therefore, 
new approaches are being explored to enhance specificity. Different strategies 
could be adopted to modulate signalling from a specific compartment. An indirect 
approach would be to inhibit proteins that alter the subcellular localisation of 
MAPKs. This concept has been shown in principle with the development of FTIs, 
which prevent membrane localisation of Ras. The efficacy is limited by the relative 
non-specificity of FTIs, which prevents Ras from anchoring into any membrane. 
However, as we gain further insight into the mechanisms controlling the location 
of the MAPKs, more specific targets may be identified. For example, inhibition of 
as yet unidentified chaperone proteins might prevent Ras from localising to the 
Golgi, but not affect localisation of Ras to the plasma membrane.

A second approach would be to develop small molecules that are, themselves, 
localised to specific cellular compartments. For example, by restricting a small 
molecule inhibitor of B-Raf to the endosome, B-Raf signalling from that compart-
ment would be antagonised, while signalling from other compartments, such as the 
plasma membrane, would remain unaffected. This concept has been established in 
principle, with the development of fluorescent probes that localise to specific 
subcellular compartments and organelles (Zorov et al. 2004). This idea is further 
supported by the development of a specific peptide inhibitor of calmodulin, which 
was selectively localised to the nucleus or plasma membrane. Antagonism of cal-
modulin function in discrete subcellular domains differentially modulates cellular 
responses (Li et al. 2003; Mataraza et al. 2007). It is therefore theoretically possible 
to target inhibitors of MAPKs to specific cellular domains.

An alternative strategy to modulate compartmentalised MAPK signalling is to 
manipulate the function of protein scaffolds. These molecules regulate many 
aspects of the MAPK cascade and may offer an opportunity to provide the specificity
required for effective therapy. Several MAPK scaffolds have been identified, and 
it is likely that other, as yet unidentified, molecules exist. Therefore, scaffolds 
provide a reservoir of potential targets, each of which controls highly specific 
aspects of MAPK function.

Despite the intense effort directed by scientists in both academia and industry, 
the progress in developing effective therapies for malignant or inflammatory disease
by targeting MAPK signalling has been disappointing. While preclinical findings 
have been promising, toxicity and/or a poor therapeutic response has prevented 
widespread adoption of MAPK inhibitors as pharmacotherapeutic agents. We look 
forward to advances in the understanding of MAPK signalling, including the role 
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played by molecular scaffolds, and how this translates into the development of spe-
cific, targeted pharmacologic agents.
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Abstract NF-κB is a major regulator of the first-line defense against  invading 
pathogens, antigen-specific adaptive immune responses or chemical stress. 
Stimulation either by extracellular ligands (e.g., inflammatory cytokines, micro-
bial pathogens, peptide antigens) or by intracellular stressors (e.g., genotoxic 
drugs)  initiates signal-specific pathways that all converge at the IκB kinase (IKK) 
complex, the gatekeeper for NF-κB activation. During recent years, considerable 
progress has been made in understanding the function of NF-κB in the regulation of 
cell growth, survival and apoptosis. In this review, we will focus on the regulation 
of large signaling complexes on the route to NF-κB. Recently published data dem-
onstrate that the assembly, maintenance and activity of the IKK complex determine 
downstream activation of NF-κB. In addition, dynamic complexes upstream of IKK 
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are formed in response to tumor necrosis factor (TNF), antigenic peptides or DNA-
damaging agents. Clustering of signaling adaptors promotes the association and 
activation of ubiquitin ligases that trigger the conjugation of regulatory ubiquitin to 
target proteins. Ubiquitination serves as a platform to recruit the IKK complex and 
potentially other protein kinases to trigger IKK activation. These findings support 
a concept whereby protein complex assembly induces regulatory ubiquitination, 
which in turn recruits and activates protein kinases. Notably, the great interest in 
a detailed description of the mechanisms that regulate NF-κB activity stems from 
many observations that link dysregulated NF-κB signaling with the onset or progres-
sion of various diseases, including cancer, chronic inflammation, cardiovascular 
disorders and neurodegenerative diseases. Thus, the formation of large signaling 
clusters and regulatory ubiquitin chains represents promising targets for pharmaco-
logical intervention to modulate NF-κB signal transduction in disease.

1 Two Routes to NF-kB

Nuclear factor-kappaB (NF-κB) is an evolutionary conserved family of  transcription 
factors with key functions in many physiological and pathological processes 
(Ghosh and Karin 2002; Hayden and Ghosh 2004). The mammalian NF-κB family 
comprises five members, namely NFΚΒ1 (p50/p105), NFΚΒ2 (p52/p100), p65/RelA, 
cRel and RelB (Fig. 1). All NF-κB proteins are characterized by an N-terminal Rel 
homology domain (RHD) that confers hetero- or homodimerization between Rel 
proteins and sequence-specific DNA binding to gene regulatory  elements in the 
chromatin. Only p65, c-Rel and RelB contain C-terminal transactivation domains 
(TAD) that are required for gene induction. In resting cells, NF-κB proteins are 
sequestered in the cytoplasm by inhibitory molecules (IκB: inhibitor of kappaB). 
The family of cytosolic IκBs consists of IκBα, IκBβ, IκBε as well as the NF-κB
precursors NF-κB1/p105 and NF-κB2/p100 (Fig. 1). By an intramolecular cleav-
age, the precursors p105 and p100 give rise to transcription factors p50 and p52, 
respectively. As a common feature, all IκBs share an ankyrin repeat domain (ARD) 
that mediates interaction with the RHD and causes cytosolic retention by shielding 
the nuclear localization signals (NLS) of NF-κBs.

NF-κB activation is induced by a variety of stimulatory agents that include 
inflammatory cytokines, microbial pathogens, antigenic peptides, mitogens, mor-
phogens and cellular stress. All upstream specific pathways converge at the IκB
kinase (IKK) complex composed of two catalytic subunits IKKα and IKKβ and a 
regulatory component IKKγ/NEMO (NF-κB essential modifier) (Fig. 1). The first 
described canonical or type-1 NF-κB pathway is activated by all known physiologi-
cal agents and involves site-specific serine phosphorylation of small IκBs or p105 
by IKKβ/IKKγ in the cytosol (Fig. 2) (Li and Verma 2002). Phosphorylation tar-
gets IκBs for recognition by the SCF/βTRCP ubiquitin ligase complex that cata-
lyzes the attachment of lysine 48-linked ubiquitin chains to the IκBs. Polyubiquitinated 
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IκBs are subsequently degraded by the 26 S proteasome, which leads to the release 
and nuclear translocation of predominately p50/RelA- and p50/c-Rel-containing 
dimers. NF-κB activation by the canonical pathway is a rapid post-translational 
process that peaks within minutes and triggers induction of many immediate early 
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Fig. 1 Scheme of NF-κB, IκB and IKK proteins. NF-κB transcription factors process an 
N-terminal Rel homology domain (RHD) that mediates dimerization, nuclear localization and 
DNA binding as a common characteristic. The C-terminal transactivation domain (TAD) of p65, 
RelB and c-Rel is needed for the recruitment of transcriptional coactivators. p100 and p105 repre-
sent precursor molecules that are proteolytically processed to p52 and p50, respectively. Inhibitory 
IκB proteins interact via their akyrin repeat domains with the C-terminal part of the RHD and 
prevent nuclear translocation of NF-κB by masking the nuclear localization sequence (NLS). The 
signal response domain (SRD) contains phosphor acceptor sites that are of critical function for 
stimulus-dependent degradation of IκB proteins. IKKα and IKKβ are highly homologous and 
contain an activation loop (AL) within their N-terminal kinase domain (KD). In addition, leucine 
zippers and helix-loop-helix motifs are found in the C-terminus. Through the C-terminal Nemo-
binding domain (NBD), IKKα and IKKβ interact with the structurally unrelated IKKγ/NEMO
protein that is characterized by the N-terminal kinase-binding domain (KBD), a central minimal 
oligomerization/ubiquitin-binding domain (MOD/UBD), and a C-terminal zinc finger (ZF)
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genes involved in inflammation, immune response, apoptosis and proliferation. 
As a negative feedback mechanism, NF-κB induces expression of inhibitory IκBα
proteins to assure the temporal restriction of canonical NF-κB activation.

A subset of tumor necrosis factor (TNF) receptor family members, e.g., B cell 
activating factor receptor (BAFFR), lymphotoxin β (LTβ), CD40 or receptor 
 activator of NF-κΒ (RANK) are potent inducers of the novel or type-2 NF-κB
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Fig. 2 Type-1 and type-2 signaling to NF-κB. Extracellular stimuli activate NF-κB either by 
type-1 (IKKβ/IKKγ-dependent) or type-2 (IKKα-dependent) signaling. To date, all known induc-
ers initiate type-1 signal transduction, leading to proteosomal degradation of cytosolic IκB pro-
teins and subsequent nuclear translocation of predominately p65/p50 dimers that control the 
expression of target genes involved in inflammation, immunity and apoptosis. Type-1 signaling 
promotes a rapid response that is temporally restricted. A subset of NF-κB inducers is a strong 
activator of type-2 signaling, which induces the cleavage of the p100 precursor bound to RelB. 
Processing of p100 results in nuclear translocation of RelB/p52 dimers that activate target genes 
involved in development and differentiation. In contrast to type-1 signaling, type-2 responses are 
delayed and provoke sustained NF-κB activation
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pathway (Bonizzi and Karin 2004). However, also pathogenic stimulations by 
lipopolysccharides (LPS), Heliobacter pylori or human T cell leukemia virus 
(HTLV) have been shown to induce type-2 signaling (Fig. 2) (Mordmuller et al. 
2003; Ohmae et al. 2005; Saccani et al. 2003). Type-2 activation promotes the 
processing of the p100 precursor to p52 and the generation of transcriptionally 
active p52/RelB  complexes. Processing of p100 is initiated by NIK (NF-κB
 inducing kinase) dependent IKKα phosphorylation of p100. Phosphorylated p100 
is processed in a way similar to IκB degradation in the type-1 pathway. However, 
in contrast to the rapid and transient induction of type-1 NF-κB complexes, p100 
processing and p52/RelB activation are delayed for several hours and provoke 
 sustained activation. Processing of p100 requires ongoing protein synthesis, which 
is rather in support of a co-translational mechanism (Mordmuller et al. 2003). The 
sustained activity of p52/RelB induces distinct sets of target genes that are often 
involved in the regulation of development and differentiation. However, a 
 considerable crosstalk between both signaling systems can be anticipated (Grech 
et al. 2004; Lo et al. 2006).

The great interest in mechanistic details that govern the NF-κB signaling pathways 
stems from the many pathological conditions associated with deregulations in the 
NF-κB network. Constitutive IKK/NF-κΒ activation is associated with a variety of 
different neoplasias, e.g., colon cancer, mammary tumors, leukemias and  lymphomas. 
Due to its anti-apoptotic and pro-proliferative activity, enhanced NF-κB activity is 
considered to be a central factor for neoplastic transformation and an attractive target 
in tumor therapy (Gilmore and Herscovitch 2006; Lin and Karin 2003). Other 
 diseases related to constitutive NF-κB activity are autoimmune diseases such as 
 rheumatoid arthritis or inflammatory airway diseases such as asthma or COPD 
(chronic obstructive pulmonary disease) (Burke 2003; Caramori et al. 2004).

2 The IKK Complex: The Gatekeeper of NF-kB Pathways

The complete absence of inducible NF-κB in IKKα/IKKβ-deficient cells  emphasizes 
the master-regulatory function of IKKs for type-1 and type-2 NF-κB activation in 
response to almost all known physiological stimuli. In this section we will focus on 
the data about the structure of the IKKs and discuss the functional implications. 
The biological functions of individual IKK family members have been intensively 
reviewed (Hacker and Karin 2006), and this section will only briefly highlight 
major areas in the context of structural constraints.

2.1 Structure and Activation of the IKK Complex

In the 1990s biochemical purification and protein–protein interaction screening 
led to the identification of the IκΒα protein kinase complex, consisting of two catalytic
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components (IKKα/IKK1 and IKKβ/IKK2) and a regulatory subunit (IKKγ)
(Chen et al. 1996; DiDonato et al. 1997; Mercurio et al. 1997; Rothwarf and 
Karin 1999; Yamaoka et al. 1998). IKKα and IKKβ show 52% similarity in pro-
tein sequence (Fig. 1). Both subunits can homo- and heterodimerize through a 
 leucine zipper motif and harbor a catalytically active kinase domain in the N- terminus 
that is responsible for phosphorylation of ΙκΒ proteins (Mercurio et al. 1997). 
IKKγ is structurally not related to IKKα and IKKβ, but indispensable for stimulus-
dependent activation of the type-1 NF-κΒ pathway (Yamaoka et al. 1998; Zandi 
et al. 1998).

Despite their structural similarities, IKKα and IKKβ were shown to have 
 differing physiological functions. IKKα-deficient mice are viable, but exhibit 
 perturbed B cell maturation and developmental defects of secondary lymphoid 
organs. The NF-κΒ response to proinflammatory stimuli in these cells is normal or 
only slightly impaired (Hu et al. 1999; Li et al. 1999a; Takeda et al. 1999). In con-
trast, IKKβ-deficient mice die in utero because of massive hepatocyte apoptosis, a 
phenotype that resembles p65 deficiency in mice (Beg and Baltimore, 1996; Li 
et al., 1999b, c; Tanaka et al., 1999). Embryonic fibroblasts isolated from these 
mice show strongly impaired NF-κΒ activity and increased apoptosis after stimula-
tion with pro-inflammatory cytokines or pathogenic agents. Apparently, IKKα
cannot compensate for IKKβ in the type-1 signaling pathways, while developmen-
tal defects after IKKα ablation can be explained by its unique function in the type-2 
NF-κΒ activating pathway.

Cellular IKKs form a higher order complex that migrates with an apparent 
molecular weight of approximately 700–900 kDA in gel filtrations (Yamaoka et al. 
1998). Reconstitution using recombinant proteins revealed that the tripartite IKK 
core complex is only composed of the three subunits IKKα, β and γ (Krappmann 
et al. 2000). There is evidence that cellular ΙΚΚα and ΙΚΚβ preferentially form 
functional heterodimers bound to IKKγ. As evident from single knock-out cells and 
immunodepletion experiments, IKKα and IKKβ can also form homodimers. 
However, it is not clear whether homodimers are formed under physiological 
 conditions when all three IKKs are present (Khoshnan et al. 1999; Mercurio et al. 
1999). The stoichiometric relation between the catalytic and regulatory IKK 
 components is still elusive. Studies using recombinant proteins or yeast expression 
systems suggest equivalent amounts of ΙΚΚα, ΙΚΚβ and IKKγ (Miller and Zandi 
2001). However, in vitro cross-linking and ultracentrifugation indicated that IKKγ
oligomerizes through the MOD (minimal oligomerization domain) and might form 
preferentially trimers or tetramers (Agou et al. 2004b; Tegethoff et al. 2003). Even 
though open questions remain regarding this issue, the oligomeric state of IKKγ is 
clearly important for activation of the IKK complex by physiological stimuli.

Phosphorylation of IKKα and IKKβ is critical for their stimulus-dependent activa-
tion. Two serine residues within the T loop of both kinase domains were mapped to 
be indispensable for IKK activity. Treatment of purified IKK with PP2A (phos-
phatase 2A) or mutation of the T loop serines to alanines prevents IKK activation, 
while mutation to glutamate results in constitutively active IKKα and IKKβ (Delhase 



Dynamic Protein Complexes Regulate NF-kB Signaling 243

et al. 1999; DiDonato et al. 1997). It was suggested that structural changes of the 
complex after binding to signaling molecules allow IKK trans- autophosphorylation,
thereby triggering kinase activation. Cellular stimulation leads to IKKα and IKKβ
phosphorylation, but only IKKβ phospho sites are critical for signal propagation in 
response to pro-inflammatory stimuli, which is consistent with results from gene-
deficient mice (Delhase et al. 1999). In addition, several IKK kinases that belong 
to the family of mitogen-activated protein kinase kinase kinases (MEKKs) [e.g., 
NIK, MEKK1, MEKK3 and TAK1 (TGFβ-activated kinase)] were suggested to be 
involved in IKK activation in response to various stimuli. In most cases the in vivo 
relevance is not clear because of possible compensatory effects in knock-out mice 
(Hatada et al. 2000). Intriguingly, regulatory ubiquitination of  signaling mediators 
has been recognized as an essential step for IKK activation. Ubiquitin chains are 
thought to serve as platforms that position upstream regulatory kinases and the IKK 
complex to cellular substructures and thereby induce proximity and activation (see 
below Sect. 3.2).

A considerable gap in our knowledge about the structural determinants of the 
IKK complex is due to the fact that there are no crystallographic data available yet. 
In addition, we need to learn more about the composition of cellular IKK 
 complexes. Complex assembly is an important issue regarding the unique functions 
of ΙΚΚα and IKKβ in the type-1 and type-2 NF-κB pathway, respectively. It will 
be important to elucidate in the future whether the different pathways are initiated 
from a single IKK holo-complex or whether distinct IKK complexes are connecting 
to distinct downstream effector pathways. Even though structural insights are 
 limited, different studies suggest that not only the catalytic activities, but also the 
assembly and composition of the IKK complex represent interesting targets for 
therapeutic interference.

2.2 IKKg -Binding Peptides Counteract IKK Activation

The functional association of IKK/NF-κB signaling with the development and 
 progression of many human diseases has prompted intensive searches for small 
molecule inhibitors that interfere especially with the activity of IKKβ, the critical 
kinase for pro-inflammatory and anti-apoptotic NF-κB signaling (Karin et al. 
2004). Most inhibitors are directed against the ATP-binding pocket within the 
kinase domain and block ΙΚΚβ in a reversible or irreversible fashion. An alterna-
tive approach has been proposed by Ghosh and coworkers that aims at the destruc-
tion of the tripartite IKK complex by interfering with IKKβ/IKKγ association (May 
et al. 2000). They precisely mapped the interaction surface of ΙΚΚα and ΙΚΚβ with 
IKKγ (Fig. 1). A short peptide sequence of about ten amino acids in the C- terminus 
of ΙΚΚα and ΙΚΚβ termed the NEMO-binding domain (NBD) is  sufficient for 
mediating the interaction of both kinases with the N-terminal part of IKKγ. By fus-
ing the amino acids 735–745 of ΙΚΚβ to a peptide sequence derived from the 
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Antennapedia (ANT) homeodomain that mediates membrane translocation and 
therefore cellular uptake of the peptide, they created a cell permeable NBD-ANT 
peptide (May et al., 2000). Incubation of cells with the NBD-ANT fusion peptide 
specifically blocks inducible activation of NF-κΒ in vivo by  disrupting the endog-
enous IKK complex. In mice, phorbol ester induced ear edema, and zymosan-
induced peritonitis could be prevented by injection of the NBD-ANT peptides 
(May et al. 2000). NBD-ANT was as effective as the anti-inflammatory steroid 
hormone analogue dexamethasone, providing evidence for the great  therapeutic 
potential.

A number of reports support the effectiveness of the NBD peptide. In vivo 
 studies in mice using cell-permeable NBD peptides confirmed that IKK signaling 
modulates osteoclastogenisis and inflammatory responses leading to bone erosion. 
Further, NBD peptides promoted an alleviation of the inflammatory response in 
mice susceptible to inflammatory arthritis and suppressed osteoclast formation as 
well as bone destruction in the joints (Clohisy et al. 2003; Dai et al. 2004).  Poly-
morphonuclear neutrophils have a crucial role in the first line of the inflammatory 
defense to invading pathogens. Therefore, induction of apoptosis in neutrophils 
could help to resolve acute and chronic inflammation. Uptake of cell-permeable 
NBD peptides by primary neutrophils abolished LPS-induced activation of NF-κΒ
(Choi et al. 2003). Further, constitutive neutrophil apoptosis is accelerated, 
 indicating that NBD may be used as a potent inhibitor of NF-κΒ in neutrophils. 
Thus, the treatment with cell-permeable NBD peptides represents a promising 
approach to modulate inflammatory responses in vivo. However, its effectiveness 
as a potential anti-cancer drug awaits further analysis.

It was suggested that oligomerization of IKKγ is needed for IKK activation 
(Inohara et al. 2000; Poyet et al. 2000). Although conflicting data exist about the 
exact oligomerization state of IKKγ, the oligomerization is mediated by the MOD 
(Fig. 1) (Agou et al. 2004b; Tegethoff et al. 2003). Its physiological relevance is 
apparent as mutations in the C-terminus of IKKγ, including the MOD, are 
 associated with human disease, e.g., anhydrotic ectodermal dysplasia or 
 incontinentia pigmenti (Schmidt-Supprian et al. 2000; Vinolo et al. 2006). 
Resembling the NBD approach, cell-permeable fusion peptides homologous to 
parts of the MOD inhibit IKK activity with an IC

50
 in the µm range. Treatment 

leads to efficient inhibition of LPS-induced NF-κΒ activation and to induction of 
apoptosis in cell lines  exhibiting constitutive NF-κΒ activity (Agou et al. 2004a). 
However, a  confirmation in disease-related model systems has not yet been 
accomplished.

Most pre-clinical research in the NF-κB field focuses on inhibitors of enzymatic 
activities. Intriguingly, the data on NBD and MOD peptides reflect that interference 
with the integrity of the IKK complex may be a promising tool to develop potent 
NF-κB inhibitors. However, the limited distribution and stability of peptides 
 constitute a major caveat to peptide-based therapies. As an alternative, small 
 molecules mimicking the structure of inhibitory peptides may be developed, a 
strategy that appears promising, especially in light of the fact that a short  ten-
amino-acid NBD peptide is sufficient for molecular interference. The design of 
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such compounds might overcome the limitations, but again more structural 
 information about the IKK complex is necessary to inspire a rational design.

2.3  Chaperone HSP90 Regulates IKK Activity: Implications 
for Tumor Therapy

Biochemical purification revealed that the chaperone HSP90 (heat shock protein 
90) and its co-chaperone CDC37 are associated with the cellular IKK complex 
(Chen et al. 2002). These factors directly bind to the kinase domains of IKKα and 
IKKβ. Typically, HSPs assist proteins to gain their native folding after ribosomal 
synthesis, to conduct their intracellular disposition or to trigger their proteolytic 
turnover (Wegele et al. 2004). Upon environmental stress, e.g., heat shock, HSP 
expression increases as part of a cellular emergency program that helps to maintain 
protein homeostasis and cell survival. In contrast to the pleitropic effects of 
 chaperones HSP60 and HSP70, HSP90 interacts only with a limited number of 
 client proteins. Interestingly, in many cancer cells HSP90 is needed to maintain the 
malignant phenotype of the cells, probably by stabilizing mutant signaling proteins 
(Mosser and Morimoto 2004). Thereby, HSP90 enables oncogenic proteins to 
 support abnormal signaling in tumor cells. HSP90 function is ATP dependent, and 
naturally occurring compounds such as geldanamycin (GA) or radicicol bind with 
high affinity to the ATP-binding pocket of HSP90, selectively blocking HSP90 
activity. A growing number of synthetic derivatives of GA and radicicol with 
improved pharmacologic and pharmacokinetic properties are being developed as 
potential anti-cancer drugs (Whitesell and Lindquist 2005).

By using GA, it was shown that HSP90 and co-chaperones influence the activity 
of a number of signaling molecules, including steroid hormone receptors and 
 several kinases that regulate cellular proliferation and survival, e.g., Raf, Akt, Cdk4 
and IKKs (Maloney and Workman 2002). Intriguingly, GA treatment prevents 
HSP90/IKK co-purification, indicating that protein complexes are disrupted, when 
HSP90 activity is inhibited. Further, GA treatment interferes with IKK recruitment 
to receptor complexes at the membrane, a process known to be essential for IKK 
activation (Chen et al. 2002). As a result, GA-treated cells do not activate NF-κΒ
when stimulated with TNFα, IL-1β or PMA, establishing a physiologically relevant 
role for the IKK/HSP90 interaction (Broemer et al. 2004; Chen et al. 2002). 
Moreover, constitutive IKK/NF-κΒ activation in Hodgkin lymphoma-derived 
tumor cells is inhibited with GA or radicicol treatment (Broemer et al. 2004). 
HSP90 apparently has a dual function. First, it assists the folding of IKKα and 
IKKβ. Thus, sustained GA incubation provokes a depletion of cellular IKKs. 
Second, HSP90 is required for maintaining an active confirmation of IKKs within 
the assembled IKK complex. Short-term HSP90 inhibition reduces the ability of 
IKK complexes to react to extracellular stimulation. It was suggested that HSP90 
keeps the IKK components in a conformation that enables signaling molecules to 
bind and activate its kinase activity or enhance trans-autophosphorylation (Broemer 
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et al. 2004). Another possibility of HSP90 function could be that chaperone binding 
facilitates post-translational modification, such as polyubiquitination of IKKγ (see 
also below Sect. 3.2). Thus, HSP90 allows kinase activation via the regulation of 
protein–protein interactions or via ubiquitin-dependent subcellular trafficking.

Certainly, the effects of HSP90 inhibitors on tumor growth are caused by 
 modulation of many cellular processes, and disruption of the IKK/HSP90 complex 
is only one part of the complex picture. However, HSP90 inhibitors apparently 
 target IκB kinases in their inactive state. Therefore, a detailed analysis of the 
 structural basis of HSP90 function on IKK activity might pave the way for the 
development of new classes of inhibitory compounds. These might influence 
the inactive kinase conformation in a way to prevent activation from upstream 
 regulatory pathways.

3  Protein Assemblies and Regulatory Ubiquitination Trigger 
Activation of the IKK Complex

Many studies during the last decade have investigated the complex mechanisms 
that promote IKK/NF-κB signaling in response to cytokines, pathogens, antigens 
or other agents (Hayden and Ghosh 2004; Janssens and Tschopp 2006; Rawlings 
et al. 2006). Since most receptors and many mediators on the route to IKK 
 activation lack intrinsic enzymatic activities, we will focus on the role of protein 
assemblies especially for TNFα-, antigen- or DNA-damage-induced NF-κB
 activation. In all instances, signaling is achieved by the clustering of adaptor 
 molecules to the receptors or other intracellular signaling complexes. Recent 
results have highlighted that non-degradative, regulatory ubiquitin chains provide 
signaling platforms that facilitate the recruitment of signaling mediators for the 
various receptor systems. Further, we begin to understand the complex protein 
interactions and modifications that are involved in the nuclear to cytosolic (inside-
out) NF-κB pathway after DNA damage, which represents a clinically relevant 
issue, as NF-κB-induced apoptosis protection constitutes a major obstacle for 
efficient anti-cancer chemotherapy.

3.1  Dynamic Signaling Complexes Control Activation 
of the Canonical NF-kB Pathway

3.1.1  TNFa-Induced Clustering of Receptor Complexes Promotes 
IKK Activation

The TNFR superfamily comprises at least 29 receptors that are bound by a great 
diversity of different ligands (Aggarwal 2003). TNFα, a potent activator of NF-κB, 
is the most widely studied ligand for this family of receptors and is involved in many 
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processes, including inflammation, innate and adaptive immunity or liver apoptosis. 
Aberrant TNFα signaling is associated with many diseases, and TNFα neutralizing 
antibodies are in clinical use for rheumatoid arthritis. The analysis of intracellular 
signaling mechanisms may uncover new opportunities for therapeutic intervention.

Binding of the trimeric TNFα ligand to TNFR1 causes receptor aggregation and 
allows the intracellular recruitment of the adaptor protein TRADD (TNFR-
 associated death domain protein) (Hsu et al. 1995). Association of TRADD 
 provokes the recruitment of TNF receptor-associated factors 2 (TRAF2) and 
TRAF5 (Fig. 3). Only TRAF2/5 double knockout cells display a substantial reduc-
tion in TNFα-induced IKK/NF-κB signaling, strongly arguing for a  redundant role 
of both adaptors (Tada et al. 2001; Yeh et al. 1997). Upon TNFα stimulation, 
TRAF2 interacts with RIP1 (receptor interacting protein1), another effector mole-
cule that is essential for TNFα-induced NF-κB activation (Devin et al. 2000). 
Intriguingly, RIP1 comprises a serine/threonine protein kinase domain, but enzymatic
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associated protein TRAF6 was suggested to mediate K63-linked ubiquitination of IKKγ, a prereq-
uisite for efficient IKK activation after TCR engagement. The role of TAK1 kinase activity in 
TCR-mediated IKK activation is not fully understood
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activity is not required for IKK activation, suggesting that RIP1 may rather function 
as a molecular scaffold (Hsu et al. 1996; Ting et al. 1996). In agreement with this 
hypothesis, RIP1 can also directly associate with IKKγ and thereby recruit IKK 
complexes to TNFR1 independent of TRAF2 (Zhang et al. 2000). TRAF2 in turn 
interacts directly to the leucine zipper regions of IKKα and IKKβ, but IKK recruit-
ment in the absence of RIP1 is not sufficient to trigger IKK activation (Devin et al. 
2001). These results demonstrate that the function of RIP1 goes beyond the mere 
requirement of a scaffold. Recent data showing that RIP1 is a target for regulatory 
ubiquitination, which in turn facilitates the recruitment of IKKγ and potentially 
other signaling mediators, may provide an explanation for these previous observa-
tions (see Sect. 3.2). The exact mechanism of IKK activation is still unresolved. 
IKK activation could be caused by the recruitment of one or  several redundant 
IKK kinases, e.g., TAK1, MEKK1 or MEKK3. Alternatively, IKKγ recruitment 
to the TNFR1 could induce proximity of IKK complexes and subsequent auto-
phosphorylation of IKKs (Delhase et al. 1999).

3.1.2  Carma1-Bcl10-Malt1 Complexes Direct Antigenic 
Stimulation to IKK

Antigen recognition by B cell or T cell receptors (BCR or TCR, respectively) on 
lymphocytes is crucial for initiating adaptive immune responses. NF-κB activation 
after antigen engagement is necessary for survival, proliferation, cytokine  production 
and effector cell differentiation of the lymphocytes (Schulze-Luehrmann and Ghosh 
2006). Potential mechanisms for interference could be exploited for fighting auto-
immune diseases, graft rejection after transplantation or certain types of malignant 
lymphomas that display dysfunctions in antigen-driven signaling cascades.

Antigen binding to the TCR or BCR initiates highly homologous proximal 
 signaling events in T and B lymphocytes that involve activation of tyrosine kinases, 
recruitment of adaptors and phospholipases (Schulze-Luehrmann and Ghosh, 
2006). Most of these processes are required for all downstream events. The 
 phospholipase Cγ (PLCγ)-mediated generation of second messenger diacylglycerol 
(DAG) leads to the activation of protein kinase C (PKCθ in T cells and PKCβ in 
B cells). PKC activation bridges receptor proximal events to the IKK/NF-κB path-
way (Sun et al. 2000). Gene disruption in mice revealed that three gene products 
are essential for coupling PKCs to the activation of the IKK complex in B and T 
lymphocytes. These include Carma1 [caspase recruitment domain (CARD) membrane-
associated guanylated kinase1, also known as CARD11], Bcl10 (B cell lymphoma 10) 
and Malt1 (mucosa-associated lymphoid tissue1) (Egawa et al. 2003; Hara et al. 2003;
Ruefli-Brasse et al. 2003; Ruland et al. 2001, 2003). Carma1 has been identified as 
the direct substrate of PKCθ and PKCβ after antigen  stimulation in lymphocytes 
(Matsumoto et al. 2005; Sommer et al. 2005). PKC phosphorylation of Carma1 in 
the central linker region induces a conformational change that influences the 
accessibility of the N-terminal CARD region. CARDs are found in many 
proteins involved in apoptosis and immune reactions, and CARDs function as 
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protein–protein interaction surfaces. Preassembled cytosolic Bcl10-Malt1 heteromers 
are recruited to Carma1 via heterotypic interaction between the CARDs of Carma1 
and Bcl10, leading to the assembly of the  Carma1-Bcl10-Malt1 (CBM) signalosome 
(Fig. 3) (Wegener et al. 2006). With PDK1 (3-phosphoinositide dependent kinase1), 
Caspase8 and TRAF6, other components are integrated into the CBM complex, and 
depletion of these proteins impairs  NF-κB activation (Lee et al. 2005; Su et al. 
2005; Sun et al. 2004). How these  molecules cooperate in the activation of the IKK 
complex is still unclear. However, similar to TNF receptor complexes, Bcl10,
Malt1 and TRAF6 induce regulatory  ubiquitination, which seems to constitute the
link to IKK activation (see below Sect. 3.2).

The physiological relevance of CBM complex assembly is supported by recent 
findings showing that negative regulatory mechanisms lead to the disassembly of 
the CBM complex and thereby interfere with downstream signaling pathways. 
After TCR engagement, and simultaneously to CBM complex formation, Bcl10 is 
phosphorylated at several serine residues in the C-terminal part of the protein 
(Wegener et al. 2006). C-terminal Bcl10 phosphorylation induces a reduction of the 
affinity between Bcl10 and Malt1, leading to a remodeling of the CBM complex. 
Remodeling results in repressive modulation of TCR-dependent signal transduction 
towards NF-κΒ, constituting a negative regulatory mechanism. Intriguingly, ΙΚΚβ
acts as the Bcl10 kinase, providing evidence for an IKK-dependent negative 
 feedback loop that balances NF-κΒ signaling. In addition, under persistent 
 stimulation conditions, Bcl10 is degraded, which leads to the collapse of the CBM 
complex (Hu et al. 2006; Scharschmidt et al. 2004). An alternative IKK-dependent 
N-terminal phosphorylation event involving Bcl10 was suggested to serve as the 
degradation signal (Lobry et al. 2007). In the absence of Bcl10, signaling to NF-κΒ
is terminated, which might ensure the transient induction of NF-κΒ activity after 
TCR stimulation. These results emphasize that signaling complexes integrate 
 positive and negative regulatory processes. The elucidation of negative regulation 
that impinges on the CBM signalosomes might be used for novel therapeutic strate-
gies that exploit the existence of cell-intrinsic feedback controls.

3.2  Regulatory Ubiquitin Chains Connect Upstream Events 
to the IKK Complex

Ubiquitin is an evolutionary conserved protein of 76 amino acids that is covalently 
conjugated to substrate proteins. Ubiquitin attachment is best known for its 
 prominent role in targeting cytosolic proteins for proteasomal degradation. The 
C-terminus of ubiquitin is attached to ε-amino-groups of lysine residues on sub-
strate proteins, a process that involves a three-step enzymatic cascade consisting of 
an ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2) and a 
 ubiquitin ligase (E3) (Pickart 2001). The E3 ligase is responsible for substrate 
 recognition and thus determines specificity. For targeting proteins to the  proteosomal 
pathway, poly-ubiquitin chains need to be attached to the substrates, which are 
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generally linked via internal lysine 48 (K48) residues on ubiquitin. However, many 
proteins are modified by the attachment of K63-linked ubiquitin chains, and usually 
this linkage does not support protein degradation. For NF-κB signaling, a number 
of different studies suggests that K63-linked ubiquitin chains provide the missing 
link between upstream signaling events and IKK activation (Chen 2005; Krappmann 
and Scheidereit 2005).

Importantly, it was observed that TRAF proteins acting as intracellular adaptors 
for many physiological stimuli contain RING domains found in many E3 ligases. In 
cooperation with the E2 enzyme Ubc13/Uev1a, TRAF2 and TRAF6  preferentially 
catalyze the formation of K63-linked ubiquitin chains to target proteins (Deng et al. 
2000; Shi and Kehrl 2003). TNFR1 trimerization induces oligomerization and  trans-
autoubiquitination of TRAF2, which further stimulates TRAF2 ubiquitin ligase 
 activity (Wertz et al. 2004). Subsequently, TRAF2 induces the attachment of K63-
linked poly-ubiquitin chains to RIP1 (Fig. 3) (Ea et al. 2006; Li et al. 2006; Wu et al. 
2006a). RIP1 ubiquitination greatly enhances the affinity of RIP1 and IKKγ. This 
interaction is mediated by an ubiquitin-binding domain (UBD) on IKKγ that selec-
tively associates with K63-linked ubiquitin chains (Wu et al. 2006a). Thus, IKKγ acts 
as a sensor for polyubiquitin chains after TNFα stimulation. Mutation of the potential 
ubiquitin acceptor lysine on RIP1 (K377) abolishes the ability of RIP1 to mediate 
IKK/NF-κB signaling after TNFα treatment (Ea et al. 2006; Li et al. 2006).

How do K63-linked ubiquitin chains support IKK activation? Several studies 
suggest a role for TAK1 as an IKK-activating kinase because of its ability to 
 phosphorylate ΙΚΚβ directly in the activation loop (Sato et al. 2005; Wang et al. 
2001). Importantly, just like IKKγ, the TAK1-binding (TAB) proteins TAB2 and 
TAB3 display high affinity to K63 ubiquitin chains on RIP1 (Kanayama et al. 
2004; Wu et al. 2006a). Thus, RIP1 ubiquitination recruits TAB2/TAB3/TAK1 and 
the IKK complex to the TNFR1. IKKβ is then phosphorylated by TAK1, which 
evokes IKK activation (Wang et al. 2001). Congruently, TAK1 gene silencing and 
deficiency impair TNFα-induced IKK/NF-κB signaling (Sato et al. 2005; Shim 
et al. 2005; Takaesu et al. 2003). Intriguingly, IKKγ itself is also modified with 
K63-conjugated ubiquitin chains, suggesting IKKγ is not only a sensor of ubiquitin 
chains, but is also a substrate, and this may contribute to the recruitment of known 
and unknown ubiquitin binding proteins (Kanayama et al. 2004).

Studies on the regulation of TCR-induced NF-κB activation provide additional 
evidence for a prominent role of ubiquitination in the NF-κB pathway. The Bcl10-
Malt1 signaling module was shown to induce IKKγ ubiquitination (Fig. 3), 
 suggesting that regulatory ubiquitination could promote IKK activation upon 
 antigenic stimulation (Zhou et al. 2004). It was proposed that Malt1 contains an 
intrinsic E3 ligase activity. Alternatively, TRAF6 was shown to enhance IKKγ
ubiquitination, and TRAF6 interacts either directly or through Caspase8 with Malt1 
(Bidere et al. 2006; Sun et al. 2004). Ubiquitin-binding TAK1/TAB complexes 
were suggested to serve as an IKK kinase upon T cell activation, and siRNA 
 experiments support a function of TRAF2, TRAF6 and TAK1 in IKK activation in 
a human T-cell line (Sun et al. 2004). However, conditional genetic deletion of 
TAK1 in CD4 positive T cells results in defective NF-κΒ activation only in mature 
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thymocytes, but not in effector T cells, indicating that TCR-mediated regulation of 
NF-κΒ differs among T-cell subpopulations (Wan et al. 2006).

The identification of deubiquitinating enzymes that preferentially disassemble 
K63-conjugated ubiquitin chains supports the concept of a regulatory function of 
ubiquitination. Genetic ablation of the zinc-finger protein A20 results in sustained 
NF-κΒ activation after TNFα stimulation, which causes an inflammatory  phenotype 
(Lee et al. 2000). A20 interferes with IKK/NF-κB signal transduction via two 
modes of action that both target RIP1 (Wertz et al. 2004). Primarily, an N-terminal 
deubiquitinase (DUB) activity of A20 removes K63 ubiquitin chains from RIP1. 
Secondly, an ubiquitin ligase activity in the C-terminus of A20 conjugates K48-
linked ubiquitin chains to RIP1, which is subsequently degraded by the  proteosome. 
The removal of regulatory ubiquitination as well as the attachment of degradative 
ubiquitin chains contributes to the downregulation of TNFα-induced IKK activity 
(Wertz et al. 2004). With CYLD (cylindromatosis) another DUB has been  identified 
that balances NF-κΒ activation. Mutations in CYLD were initially found as a 
 predisposition for the development of benign tumors of hair follicles and salivary 
glands in humans (Bignell et al. 2000). CYLD was identified in systematic 
 screenings searching for DUBs that interfere with NF-κΒ activation (Brummelkamp 
et al. 2003; Kovalenko et al. 2003; Trompouki et al. 2003). Biochemical analysis 
suggested that CYLD specifically removes K63 ubiquitin chains from TRAF2, 
TRAF6 and IKKγ. The generation of several CYLD-deficient mice led to conflict-
ing results concerning the physiological relevance of its DUB activity in NF-κΒ
signaling (Massoumi et al. 2006; Reiley et al. 2006; Zhang et al. 2006). However, 
recently published data on myeloid cells isolated from CYLD-deficient mice 
 implicate that CYLD is involved in NF-κΒ de-activation after TNF stimulation in 
vivo (Zhang et al. 2006).

Even though not all players have been identified and many questions regarding 
the exact mechanistic details remain to be resolved, the studies provide compelling 
evidence that K63 polyubiquitination serves as a platform for the tight association 
of protein kinases on the route to IKK/NF-κB activation. New classes of 
 pharmacological inhibitors can be envisioned that either target ubiquitin ligases 
involved in the formation of K63-linked ubiquitin chains or disrupt the interaction 
of ubiquitin chains and the respective UBD. Especially for the latter, it will be very 
informative to resolve the structure of ubiquitin-UBD interfaces.

3.3  IKKg Modification Triggers NF-kB Activation 
in Response to DNA Damage

DNA-damaging agents belong to the most widely used anti-cancer drugs. Depending 
on the extent of damage, the cells are either arrested in the cell cycle to allow DNA 
repair or the cells undergo apoptosis. The tumor suppressor p53 is a primary sensor of 
genotoxic stress and induces cell-cycle arrest or apoptosis (Vousden 2002). A major 
obstacle to an efficient anti-cancer therapy is the activation of NF-κB-mediated 
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pro-survival signaling by DNA-damaging agents. There is a complex crosstalk 
between p53 and NF-κB that involves antagonistic as well as cooperative effects in 
the induction of apoptosis (Perkins 2007). Owing to its potent anti-apoptotic activ-
ity, NF-κΒ contributes to acquired chemoresistance. Analysis of the exact 
 mechanisms of NF-κB activation after genotoxic stress highlights that distinct sign-
aling complexes are involved in this inside-out (nuclear to cytosolic) pathway.
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Topoisomerase inhibitors etoposide (Eto) or camptothecin (Cpt) exhibit cyto-
static effects by inducing DNA double-strand breaks and therefore are potent 
inducers of NF-κB activity (Fig. 4). The actual sensor of DNA double-stranded 
breaks is unknown. The primary cellular transducer for DNA damage is the ATM 
(ataxia telangiectasia mutated) kinase. ATM-deficient cells from patients with the 
genomic instability ataxia telangiectasia are blocked in NF-κΒ activation in 
response genotoxic stress agents, such as γ-ionizing radiation (IR) or Cpt (Li et al. 
2001; Piret et al. 1999). Upon Eto or Cpt treatment, IKKγ enters the nucleus where 
it associates with PIDD (p53-induced death domain) and RIP1, both proteins 
 having essential functions in the control of NF-κΒ activation in response to DNA 
damage (Hur et al. 2003; Janssens and Tschopp 2006). Further, IKKγ is retained in 
the nucleus by site-directed sumoylation mediated by PIASy (protein inhibitor of 
activated STATy) that acts as the SUMO (small ubiquitin-like modifier) ligase 
(Mabb et al. 2006; Wu et al. 2006b). However, the exact mechanism for genotoxic-
stress-induced nuclear uptake of IKKγ, PIDD and RIP1 is unknown. Intriguingly, 
activated ATM kinase preferentially associates with SUMO-conjugated IKKγ.
ATM kinase then phosphorylates IKKγ, inducing an exchange of SUMO to  mono-
ubiquitin-conjugated IKKγ, which is exported together with ATM kinase from the 
nucleus (Wu et al. 2006b). In the cytosol, mono-ubiquitinated IKKγ promotes 
assembly of the ATM-IKK complex that induces IκB degradation, nuclear 
 translocation of NF-κB and induction of an anti-apoptotic gene program.

To date, many questions still remain unresolved concerning genotoxic- stress-
induced NF-κB activation, such as, e.g.: where is the inducible IKKγ-PIDD-RIP1
complex formed, how are these proteins targeted to the nucleus, what is the exact 
mechanism that mediates the switch from SUMO-IKKγ to ubiquitin-IKKγ, and 
what is the ubiquitin ligase for IKKγ? Further, it is completely unresolved how 
ATM-IKKγ activates cytosolic IKK complex and whether a distinct IKK complex 
exists for mediating DNA damage responses. However, these novel insights reveal 
that dynamic protein complexes are required for inducing an anti-apoptotic gene 
program in response to genotoxic stress. Future studies must determine whether 
pharmacological inhibitors can be used to selectively interfere with these  complexes 
to identify substances that counteract acquired chemoresistance.

4 Outlook

Considering the large body of evidence for an involvement of IKK/NF-κB in 
inflammation, degenerative diseases, auto-immunity and cancer, signaling mole-
cules participating in NF-κB activation are promising targets for pharmacological 
intervention. Conventional approaches for pharmacological intervention generally 
focus on modulating enzyme activity, and in the case of NF-κB, a variety of 
 specific IKKβ inhibitors have been identified, and some of them are in clinical 
 trials (Karin et al. 2004). However, the summarized data suggest that not only 
 inhibition of kinase activity is a promising strategy. The inhibitory NBD peptide or 
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GA derivatives point in a novel direction, because they target the integrity or 
assembly of the IKK complex. The structure of the ten-amino-acid NBD peptide 
might be used for a rational design of small chemical compounds that interfere with 
IKK formation.

Many other potentially dynamic protein complexes are transmitting stimulus 
 specific pathways to IKK activation. A serious obstacle to pharmacological  inter-
ference with protein–protein interactions in scaffolding complexes is that, unlike 
 enzymatic active sites, protein interfaces are often large and lack deeper indenta-
tions, which impedes effective binding of small inhibitory compounds (Berg 
2003). Therefore, detailed structural information is needed to identify  compact 
and centralized  protein regions contributing key interactions that are in particular 
suitable for pharmacological intervention. Especially, resolving the structures of 
regulatory ubiquitin chains bound to UBD proteins could give novel hints for a 
pharmacologically relevant protein–protein interaction. Further, much more 
attention should be given to pharmacological inhibitors of ubiquitin ligases such 
as TRAF6. Even though these compounds target enzymatic activities, the block-
ade would disturb regulatory ubiquitination and thereby the generation of plat-
forms for the recruitment of protein kinases. Finally, numerous negative 
 regulatory  feedback pathways exist that lead to the disruption of protein com-
plexes, as for instance the CBM complex after T-cell activation. Activation of 
these   cell- intrinsic negative regulatory mechanisms may in fact be more effective 
than the blockade of positive  activating processes.
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Abstract The Wnt/β-catenin signaling pathway plays diverse roles in embryonic 
development and in maintenance of organs and tissues in adults. Activation of this sig-
naling cascade inhibits degradation of the pivotal component β-catenin, which in turn 
stimulates transcription of downstream target genes. Over the past two decades, inten-
sive worldwide investigations have yielded considerable progress toward understanding 
the cellular and molecular mechanisms of Wnt signaling and its involvement in the 
pathogenesis of a range of human diseases. Remarkably, β-catenin signaling is aber-
rantly activated in greater than 70% of colorectal cancers and to a lesser extent in other 
tumor types, promoting cancer cell proliferation, survival and migration. Accordingly, 
β-catenin has gained recognition as an enticing molecular target for cancer therapeu-
tics. Disruption of protein–protein interactions essential for β-catenin activity holds 
immense promise for the development of novel anti-cancer drugs. In this review, we 
focus on the regulation of β-catenin-dependent transcriptional activation and discuss 
potential therapeutic opportunities to block this signaling pathway in cancer.
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1 Introduction

β-Catenin (Armadillo in Drosophila) is a multifunctional protein involved in both 
cell–cell adhesion and Wnt signaling. As an essential co-activator downstream of 
Wnt signaling, β-catenin regulates many biological processes essential for proper 
embryonic development and adult homeostasis. Once abnormally activated in adult 
tissues, however, β-catenin could contribute to the onset of tumorigenesis or accel-
erate tumor growth. In recent years, a variety of novel β-catenin interactors has 
been identified, highlighting β-catenin’s role as the hub of a very complex network 
of protein–protein interactions that fine-tune its transcriptional activity. These 
molecular interactions, therefore, represent attractive targets for pharmacological 
intervention. Here, we provide an overview of β-catenin signaling in tumor forma-
tion, summarize recent advances in pharmacological strategies to inhibit β-catenin
transcriptional output and explore new opportunities for drug discovery in targeting 
oncogenic β-catenin.

2 The Wnt/β-Catenin Signaling Pathway

Intracellular signaling by the Wnt family of secreted cysteine-rich glycoproteins 
plays critical roles in normal embryonic development and adult homeostasis 
(Cadigan and Nusse 1997; Miller 2002; Wodarz and Nusse 1998). This pathway is 
highly conserved among the animal kingdom. There are 19 members of the Wnt 
gene family in mammals, which are expressed in a spatially and temporally restricted 
manner in embryos and in adults. Mutational analyses of Wnt genes in mice have 
demonstrated diverse roles in axis formation, brain development, pattern formation 
and organogenesis (Uusitalo et al. 1999; van Amerongen and Berns 2006). More 
recently, dysregulation of Wnt signaling has been linked to a range of human dis-
eases, especially cancer (Clevers 2006b; Moon et al. 2004; Nusse 2005).

These Wnts signal through distinct intracellular pathways that are broadly categorized
as either “canonical” or “non-canonical” Wnt pathways. The best understood 
canonical pathway utilizes nuclear β-catenin as an ultimate effector, leading to 
changes in gene expression that regulates cell proliferation, differentiation and sur-
vival, etc. In contrast, non-canonical pathways signal via a β-catenin-independent
mechanism, generally resulting in changes in cell polarity and movement (Katoh 
2005; Kohn and Moon 2005; Veeman et al. 2003).

A simplified model of the Wnt/β-catenin pathway is represented in Fig. 1. β-Catenin 
is the key component in this cascade, acting as a transcriptional co-activator. In the 
absence of a Wnt ligand, the cytosolic pool of β-catenin is continuously degraded 
by the action of a large protein complex called the “destruction complex” (Kimelman
and Xu 2006). In this complex, the tumor suppressors Axin and adenomatous 
polyposis coli (APC) function as scaffold proteins that facilitate sequential 
phosphorylation of β-catenin at the N-terminus by casein kinase Iα (CKIα) and 
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glycogen synthase kinase 3 (GSK3) (Liu et al. 2002; Polakis 2002). Phosphorylated 
β-catenin is then recognized by the E3 ubiquitin ligase receptor βTrCP and targeted 
for ubiquitin-mediated proteasomal degradation. As a result, β-catenin protein levels 
are kept low without Wnt stimulation. In the nucleus, the DNA-binding T-cell 
factor/lymphoid enhancer factor (Tcf/Lef) proteins actively repress target genes 
through recruitment of transcriptional co-repressors such as Groucho (Gro)/TLE 
and C-terminal-binding protein (CtBP) (Arce et al. 2006; Brannon et al. 1999; 
Cavallo et al. 1998; Hoppler and Kavanagh 2007; Roose et al. 1998).

Fig. 1 The canonical Wnt/β-catenin signaling pathway. (a) In the absence of a Wnt signal, β-catenin 
is held by the scaffold proteins APC and Axin in the destruction complex, and sequentially phos-
phorylated by the kinases CKIα and GSK3. Consequently, β-catenin is constantly degraded by the 
ubiquitin-proteasome pathway. In the nucleus, Tcf/Lef transcription factors actively repress target 
gene expression by recruiting transcriptional co-repressors, such as Gro/TLE. (b) Wnt binding to 
Frizzled receptors and LRP5/6 co-receptors induces Frizzled-Dsh complex formation and the 
sequential phosphorylation of LRP5/6 by GSK3 and CKIγ, promoting recruitment of Axin to the 
plasma membrane and inactivation of the destruction complex. Stabilized β-catenin then trans-
locates into the nucleus and forms a complex with Tcf/Lef factors by displacing Gro/TLE pro-
teins. β-Catenin stimulates expression of Wnt target genes by recruiting various co-activators 
including CBP
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Extracellularly, the activity of Wnts is modulated by a variety of secreted antag-
onists, including Wnt-inhibitory factors (WIFs) (Hsieh et al. 1999) and secreted 
frizzled-related proteins (sFRPs) (Hoang et al. 1996). When not docked to these 
inhibitors, Wnts interact with the seven transmembrane frizzled (Fz) receptors and 
the low-density lipoprotein receptor-related protein (LRP) co-receptors LRP5 and 
LRP6 (Cadigan and Liu 2006; Wang et al. 2006). This results in phosphorylation 
and activation of the cytoplasmic protein dishevelled (Dsh), which is rapidly 
recruited to the plasma membrane via interaction with the intracellular tail of Fz 
(Malbon and Wang 2006). Activation of Dsh blocks GSK3 activity. In parallel, 
Wnt stimulation induces sequential phosphorylation of the LRP5/6 intracellular 
domain by GSK3 and CKIγ (Davidson et al. 2005; Zeng et al. 2005). The hyper-
phosphorylated LRP5/6 directly interacts with Axin, and Axin is then degraded by 
an unknown mechanism (Tolwinski and Wieschaus 2004b). As a result of the 
above events, β-catenin degradation is inhibited, thereby leading to accumulation 
of β-catenin in the cytoplasm. Subsequently, stabilized β-catenin translocates into 
the nucleus and binds to Tcf/Lef transcription factors to activate Wnt target genes 
(Stadeli et al. 2006; Willert and Jones 2006). β-Catenin protein levels are also regu-
lated by Siah, a p53-inducible E3 ubiquitin ligase component that acts independ-
ently of GSK3 to recruit APC to target β-catenin for proteasomal degradation (Liu 
et al. 2001; Matsuzawa and Reed 2001).

3 Regulation of Nuclear b-Catenin Activity

3.1 Structural Features of b -Catenin

β-Catenin has two key cellular functions (Takemaru 2006). In cell adhesion, β-catenin 
binds type-I cadherins to mediate actin filament assembly via α-catenin at the 
plasma membrane (Gates and Peifer 2005; Huber and Weis 2001; Nelson and 
Nusse 2004; Pokutta and Weis 2000). In Wnt signaling, β-catenin acts as a co-activator 
through its interaction with an array of transcription factors and co-factors to regulate 
expression of target genes (Stadeli et al. 2006; Willert and Jones 2006).

Human or mouse β-catenin is 781 residues long and consists of a central struc-
tural core of 12 Armadillo (Arm) repeats flanked by unique N- and C-termini 
(Peifer et al. 1994) (Fig. 2). The central Arm repeat region is highly conserved 
across species. The crystal structure of this region reveals that each repeat consists 
of three α-helices, which pack tightly to form a highly elongated structure with a 
positively charged groove (Huber et al. 1997). Of note, many β-catenin-binding
partners bind along the positively charged groove. Compared to the highly con-
served Arm repeats, N- and C-terminal tails are diverged between Drosophila and 
vertebrate homologs. The structures of the N- and C-terminal domains are currently 
unknown and may not form a rigid structure by themselves. Nevertheless, these 
terminal domains have been shown to control a subset of protein–protein interactions
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(Castano et al. 2002; Choi et al. 2006; Solanas et al. 2004). Several β-catenin inter-
actors require these domains for their binding as discussed further below.

3.2 Target Gene Activation by β-Catenin

Once in the nucleus, β-catenin forms a stable complex with Tcf/Lef family 
transcription factors to stimulate gene expression (Stadeli et al. 2006; Willert 
and Jones 2006). The vertebrate genome encodes four Tcf/Lef proteins (Tcf1, 
Tcf3, Tcf4 and Lef1), which contain the highly conserved high-mobility group 
(HMG) box as a DNA-binding domain (Arce et al. 2006; Hoppler and Kavanagh 
2007). In the absence of nuclear β-catenin, Tcf/Lef factors are bound to the 
co-repressors Gro/TLE and CtBP, actively suppressing target gene transcrip-
tion. Both Gro/TLE and CtBP interact with histone deacetylases in order to 
silence transcription by altering local chromatin structure (Courey and Jia 2001). 
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β-Catenin binds to Tcf/Lef by displacing Gro/TLE (Daniels and Weis 2005). 
This allows β-catenin to recruit a variety of co-activators necessary to exert its 
transcriptional potential. Earlier studies have demonstrated that β-catenin har-
bors two transactivation domains, N-terminal activation domain (NTAD) and 
C-terminal activation domain (CTAD) (Hecht et al. 1999; Hsu et al. 1998; van 
de Wetering et al. 1997) (Fig. 2). Each of these domains on its own potently 
stimulates gene expression. In particular, the CTAD alone has been shown to be 
sufficient both for signaling and for oncogenic transformation (Aoki et al. 
1999; Vleminckx et al. 1999).

A considerable number of direct target genes of the Tcf/β-catenin complex has 
been identified in various model systems, including c-Myc (He et al. 1998), cyclin 
D1 (Tetsu and McCormick 1999), MMP7 (matrilysin) (Crawford et al. 1999) and 
Nr-CAM (Conacci-Sorrell et al. 2002). For a comprehensive list of Wnt target genes, 
we direct the readers to the Wnt Homepage (http://www.stanford.edu/∼rnusse/
wntwindow.html). Also worthy of note, β-catenin modulates expression of several 
components of the Wnt pathway, such as an Axin homolog Axin2 (conductin) 
(Jho et al. 2002; Lustig et al. 2002), βTrCP (Spiegelman et al. 2000) and Tcf/Lef 
(Hovanes et al. 2001; Roose et al. 1999), thereby creating a negative or positive feed-
back loop. Generally, cellular responses to Wnt signals vary among different cell types, 
and many Wnt target genes are, in fact, regulated in a cell-type-specific fashion.

3.3 Co-Activators for β-Catenin

β-Catenin exerts its activation potential through communication with components 
of the basal transcription machinery and recruitment of co-activators. On the other 
hand, the activity of β-catenin can be counteracted by its antagonists. Interaction 
domains of β-catenin for those binding partners are illustrated in Fig. 2.

The first β-catenin transcriptional co-factor discovered was the TATA-binding 
protein (TBP) (Hecht et al. 1999). TBP has been shown to bind three different 
regions of β-catenin overlapping with the NTAD and CTAD. Although TBP binding 
to these regions correlates with their activation ability, it remains to be determined 
whether these interactions are functionally significant in an in vivo setting.

The closely related p300 and CREB-binding protein (CBP) are known to function 
as transcriptional co-activators by linking a variety of transcription factors to the 
basal transcription machinery or by altering local chromatin structure through 
their intrinsic or associated histone acetyltransferase activities (Goodman and 
Smolik 2000). p300 and CBP have been shown to interact with multiple regions of 
β-catenin, including the CTAD to enhance transcriptional activity (Hecht et al. 
2000; Miyagishi et al. 2000; Sun et al. 2000; Takemaru and Moon 2000). In marked 
contrast, Drosophila CBP (dCBP) negatively regulates the Wingless (Wg; Drosophila
Wnt) signaling pathway (Waltzer and Bienz 1998). dCBP binds to dTcf and 
acetylates a conserved lysine in the N-terminal Armadillo-binding domain, which 
weakens the interaction between dTcf and Armadillo. At present, it is not clear if 
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CBP/p300 could, in some context, similarly elicit a repressive effect on transcription 
of β-catenin target genes in vertebrates.

Brahma-related gene 1 (Brg1) is a component of mammalian SWI/SNF and Rsc 
chromatin-remodeling complexes, which utilizes the energy of ATP hydrolysis to 
mobilize nucleosomes and remodel chromatin to facilitate transcription (Roberts and 
Orkin 2004). Brg1 binds β-catenin through Arm repeats 7–12 (R7-12) (Barker
et al. 2001). It synergizes with β-catenin to stimulate gene expression in mammalian 
cultured cells and also genetically interacts with Armadillo in Drosophila.

Two closely related proteins, Pontin/Tip49 and Reptin/Tip48, are members of a 
highly conserved family with ATPase and helicase activities (Kanemaki et al. 
1997, 1999). Pontin and Reptin can form homo- and hetero-dimers. They both bind 
TBP and are found in multimeric complexes believed to be important for chromatin 
remodeling and transcription. They have been shown to interact with β-catenin R2-
5 and play opposing roles in β-catenin-mediated transcriptional activation (Bauer 
et al. 1998, 2000). Pontin potentiates activation by β-catenin, whereas Reptin 
represses it (Bauer et al. 1998; Rottbauer et al. 2002). By modulating Wnt/β-catenin 
signaling, these two proteins control wing development in Drosophila (Bauer et al. 
1998) and heart growth in zebrafish (Rottbauer et al. 2002). The activity of Pontin 
appears to be required for β-catenin-mediated neoplastic transformation in vitro
(Feng et al. 2003).

Nuclear β-catenin activity is positively regulated by Legless (Lgs) and Pygopus 
(Pygo). Lgs and Pygo were identified in genetic screens for modifiers for the Wg 
pathway in fly (Belenkaya et al. 2002; Kramps et al. 2002; Parker et al. 2002; 
Thompson et al. 2002). Drosophila mutants for these genes display phenotypes 
highly similar to that of Wg loss-of-function, and ectopic expression of Pygo and/or 
Lgs stimulates Tcf/β-catenin activity in mammalian cultured cells. Lgs directly 
binds to β-catenin R1-4 and serves as an adapter molecule to recruit Pygo to target 
gene promoters (Hoffmans and Basler 2004; Kramps et al. 2002; Sampietro et al. 
2006). Pygo harbors a PHD finger that is often found in chromatin remodeling fac-
tors. Pygo is exclusively localized in the nucleus and has been proposed to function 
in the nuclear import/retention of β-catenin (Townsley et al. 2004). Additionally, 
Pygo and Lgs directly contribute to the ability of β-catenin to enhance gene tran-
scription (Hoffmans et al. 2005). The human ortholog of Lgs, Bcl9, was originally 
identified as an oncoprotein associated with precursor B-cell acute lymphoblastic 
leukemia (ALL), which exhibits the chromosomal translocation t(1;14)(q21;q32) 
(Willis et al. 1998). Although genetic analyses in fly clearly demonstrate that Lgs 
and Pygo are segment polarity gene products required for Wg signaling events, the 
biological functions of their vertebrate orthologs remain enigmatic.

More recently, a genetic screen in Drosophila identified Parafibromin/Hyrax as 
a novel β-catenin binding partner (Mosimann et al. 2006). The polymerase-associ-
ated factor 1 (Paf1) complex, which contains parafibromin, interacts with the 
C-terminal domain of the large subunit of RNA polymerase II (Pol II) and plays a key 
role in transcription elongation and RNA processing (Rozenblatt-Rosen et al. 2005; 
Yart et al. 2005). Parafibromin forms a stable complex with β-catenin through R12-C 
and is essential for activation of Wnt/Wg signaling (Mosimann et al. 2006). 
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The transactivation potential by parafibromin depends on the recruitment of Pygo 
to β-catenin, and in agreement with this, Bcl9 and Pygo are present in the parafibromin/
β-catenin complex. Parafibromin is the protein product of the tumor suppressor 
gene HRPT2 mutated in hyperparathyroism-jaw tumor (HPT-JT) syndrome 
(Carpten et al. 2002). HPT-JT syndrome is a rare autosomal dominant multi-tumor 
syndrome characterized by hyperparathyroidism due to parathyroid tumors (Wang 
et al. 2005). However, it remains unknown if alterations in the Wnt/β-catenin path-
way directly contribute to the pathogenesis of this syndrome.

In vitro studies, using a reconstituted transcription system, have shown that 
β-catenin potently enhances binding and transactivation by Tcf/Lef proteins on 
chromatin templates (Tutter et al. 2001). In this system, the C-terminal region of 
β-catenin (R11-C) behaves as a dominant-negative inhibitor that specifically 
represses transcription by the Tcf/β-catenin complex. This is consistent with the 
previous notion that the C-terminal region of β-catenin acts as a transactivation 
domain via recruitment of co-activators. More recent biochemical studies have 
identified additional factors that associate with the CTAD to stimulate β-catenin-
dependent transcription, including the coiled-coil co-activator CocoA (R10-C) 
(Yang et al. 2006), the mediator subunit Med12 (R12-C) (Kim et al. 2006) and 
subunits of multiple chromatin remodeling complexes, such as the transformation/
transcription-domain-associated protein (TRAP), the imitation switch nucleosome-
remodeling ATPase (ISWI) and the trithorax-family mixed-lineage-leukemia 
(MLL1/MLL2) SET-type proteins (R11-C) (Sierra et al. 2006). Further studies will 
be required to validate the physiological relevance of these interactions.

3.4 b-Catenin Antagonists

In addition to the co-activators discussed above, β-catenin signaling is also sub-
jected to regulation by multiple inhibitors.

ICAT (inhibitor of β-catenin and Tcf4) is a 9-kD protein found only in verte-
brates (Tago et al. 2000). ICAT binds to R10-12 of β-catenin and interferes with 
the formation of the Tcf/β-catenin complex, resulting in inhibition of target gene 
activation. The crystallographic studies of ICAT bound to the Arm repeat region 
of β-catenin display that an N-terminal helical domain of ICAT binds to the 
groove formed by R10-12, and an extended C-terminal tail binds to R5-9 in a 
manner similar to that of Tcf/Lef transcription factors, thereby disrupting Tcf/β-
catenin interactions (Daniels and Weis 2002; Graham et al. 2002). In colorectal 
or hepatocellular tumor cells harboring mutations in APC, Axin or β-catenin, 
forced expression of ICAT inhibits proliferation by inducing G2 arrest followed 
by cell death (Sekiya et al. 2002). Consistent with its inhibitory effect on β-catenin 
activity, ICAT expression is abundant in well-differentiated intestinal villus cells, 
while absent in crypt stem/progenitor cells where β-catenin signaling is active 
(Gottardi and Gumbiner 2004). In colorectal cancers, however, no ICAT muta-
tions have been detected. Instead, ICAT expression appears to be elevated 
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compared to adjacent non-cancerous tissues (Koyama et al. 2002). To the con-
trary, ICAT expression levels were found to be markedly reduced in malignant 
melanomas (Reifenberger et al. 2002).

Chibby (Cby) is a small nuclear protein that is highly conserved throughout 
evolution (Takemaru et al. 2003). Cby interacts with the CTAD of β-catenin and 
competes with Tcf/Lef proteins for binding to β-catenin, leading to inhibition of 
Wnt/β-catenin target gene activation. Cby may also displace β-catenin co-activators 
such as CBP/p300 and parafibromin since they all interact with the CTAD. 
Furthermore, reduction of Cby protein levels by RNA interference (RNAi) in 
Drosophila embryos results in hyperactivation of the Wg pathway, demonstrating 
that Cby negatively regulates β-catenin activity in vivo (Greaves 2003; Takemaru 
et al. 2003; Tolwinski and Wieschaus 2004a). In murine embryonic stem cells, Cby 
facilitates cardiomyocyte differentiation (Singh et al. 2007), consistent with the 
known inhibitory role of the canonical Wnt pathway in heart formation. The human 
Cby gene is located at chromosome 22q12-q13, which is frequently lost in certain 
types of tumors (Gad et al. 2004; Schuierer et al. 2006). However, recent studies 
found no evidence for mutations or altered expression of the Cby gene in colorectal 
cancer and Wilms’ tumors (nephroblastoma), although Cby expression has been 
reported to be significantly down-regulated in colon carcinoma cell lines (Gad et al. 
2004; Schuierer et al. 2006; Zirn et al. 2005).

It is worth noting that β-catenin has been shown to serve as a co-activator or, in 
some cases, a co-repressor for a wide variety of DNA-binding transcription factors, 
including members of the nuclear hormone receptor family and HMG-box-containing 
Sox proteins (Mulholland et al. 2005; Sinner et al. 2004). For example, the vitamin 
A, vitamin D and androgen receptors physically interact with β-catenin in a ligand-
dependent fashion to potentiate activation of their target genes, while suppressing 
expression of Tcf/β-catenin-dependent genes (Easwaran et al. 1999; Shah et al. 
2006; Truica et al. 2000). Thus, it is apparent that the cross-regulation of the Wnt/
β-catenin pathway and these transcription factors affects a diverse array of biologi-
cal processes and may have important clinical implications.

4 Wnt/β-Catenin Signaling in Cancer

Given the critical and pleiotropic roles of Wnts, it is not surprising that perturba-
tions in Wnt signaling have been implicated in a range of human disorders, espe-
cially cancer (Clevers 2006b; Logan and Nusse 2004; Moon et al. 2004). Activating 
mutations in the canonical Wnt pathway ultimately lead to stabilization and nuclear 
accumulation of β-catenin. Nuclear β-catenin is the hallmark of activated canonical 
Wnt signaling, and its nuclear accumulation can be clearly observed in cancer cells 
(Bienz and Clevers 2003). By binding to Tcf/Lef transcription factors, hyperactive 
β-catenin turns on a genetic program sufficient to initiate development of a multi-
tude of different tumor types, primarily of gastrointestinal origin (Giles et al. 2003; 
Lustig and Behrens 2003; Polakis 2000).
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A series of elegant genetic studies in mice has established that Wnt/β-catenin
signaling plays a fundamental role in controlling normal epithelial physiology of 
the intestine, most notably self-renewal of crypt stem cells (Clarke 2006; Pinto and 
Clevers 2005; Reya and Clevers 2005). Several Wnts and Wnt receptors are indeed 
expressed in various compartments of the intestine (Gregorieff et al. 2005). Among 
four Tcf/Lef family members, Tcf4 is prominently expressed throughout life in the 
intestinal epithelium. Strikingly, in neonatal mice lacking Tcf4, the differentiated 
villus epithelium appears normal, but the crypt stem-cell compartment in the small 
intestine is mostly depleted (Korinek et al. 1998). Therefore, it appears that Tcf4 
mediates transformation of gut epithelial cells upon β-catenin activation. Viral or 
transgenic expression of Dickkopf 1 (Dkk1), a secreted Wnt antagonist, in this tis-
sue results in markedly reduced proliferation of intestinal crypts, further supporting 
the crucial role of canonical Wnt signaling in regulating the maintenance of crypt 
stem/progenitor cells (Kuhnert et al. 2004; Pinto et al. 2003). In contrast, inducible 
inactivation of APC in the adult mouse intestine leads to rapid nuclear accumula-
tion of β-catenin and repopulation of villi by crypt progenitor-like cells that fail to 
migrate and differentiate (Sansom et al. 2004). In addition to maintaining the pro-
liferative crypt compartment, this signaling pathway promotes maturation of 
Paneth cells localized at the base of crypts (van Es et al. 2005). These observations 
highlight the physiological importance of the Wnt/β-catenin pathway in intestinal 
development and homeostasis.

Wnt/β-catenin signaling was initially linked to cancer formation when the APC 
tumor suppressor was found to be mutated in inherited familial adenomatous poly-
posis (FAP) (Kinzler et al. 1991; Kinzler and Vogelstein 1996; Nishisho et al. 
1991) and sporadic colorectal tumors (Kinzler and Vogelstein 1996; Korinek et al. 
1997; Morin et al. 1997). FAP patients inherit one mutant APC allele and acquire 
a somatic mutation in the second APC allele at low frequency in their intestinal 
epithelial cells. These patients typically develop hundreds to thousands of colorec-
tal adenomas, and some of those eventually progress to malignant adenocarcino-
mas. These APC mutations typically yield truncated APC proteins that are no 
longer able to degrade β-catenin, followed by accumulation of β-catenin in the 
nucleus (Korinek et al. 1997; Morin et al. 1997). This results in inappropriate con-
stitutive activation of β-catenin target genes, promoting the formation of benign 
adenoma or polyps. Of note, around 70% of all colorectal cancers have homozygous 
mutations in APC (Miyaki et al. 1994; Miyoshi et al. 1992; Powell et al. 1992). 
Mouse models for FAP harboring similar APC truncations, such as APCMin (for 
multiple intestinal neoplasia), develop multiple intestinal polyps predominantly in 
the small intestine (Moser et al. 1990; Su et al. 1992; Taketo 2006). Unfortunately, 
most APC mutant animals die at the age of 4–5 months due to anemia resulting 
from the heavy tumor load in the small intestine even before adenomatous polyps 
progress into metastatic adenocarcinomas. Nonetheless, these mouse models have 
become invaluable and powerful tools for studying the underlying mechanisms of 
colorectal tumorigenesis.

Approximately 10% of colorectal tumors carry activating mutations in the β-catenin 
gene (Miller et al. 1999; Polakis 2000). These mutations typically affect the 
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N-terminal region of β-catenin containing the highly conserved serine (S)/threonine 
(T) residues, which are sequentially phosphorylated by CKIα (S45) and then by 
GSK3 (S33, S37 and T41) for proteasomal degradation (Liu et al. 2002; Polakis 
2002). Consequently, β-catenin becomes refractory to degradation and its nuclear 
levels rise, resulting in activation of target genes by the Tcf/β-catenin complex. 
More compelling evidence for the involvement of β-catenin signaling in intestinal 
tumor formation came from transgenic mouse models that conditionally express a 
stabilized form of β-catenin (Harada et al. 1999). When activated in the intestinal 
epithelium, these mice develop a large number of adenomatous polyps highly simi-
lar to those in APC mutant mice, demonstrating that activation of β-catenin signal-
ing is sufficient for tumor formation. Moreover, frequent mutations in β-catenin
have been detected in a wide range of tumor types, including malignant melanomas 
(Rubinfeld et al. 1997), hepatocellular carcinomas (de La Coste et al. 1998; 
Miyoshi et al. 1998), ovarian carcinomas (Gamallo et al. 1999; Palacios and 
Gamallo 1998) and Wilms’ tumors (Koesters et al. 1999; Maiti et al. 2000).

Besides APC and β-catenin, mutations in the scaffold protein Axin and its close 
homolog Axin2 (Behrens et al. 1998) have been reported in several types of can-
cers, including colorectal tumors and hepatocellular carcinomas (Giles et al. 2003; 
Polakis 2000; Segditsas and Tomlinson 2006). In addition to these mutations in 
intracellular signaling components, multiple tumor types display loss of expression 
of the secreted Wnt antagonists sFRPs and WIF1 due to epigenetic silencing by 
hypermethylation (Mazieres et al. 2004; Rubin et al. 2006; Suzuki et al. 2004). 
Regardless of which component is misregulated, the common outcome resulting 
from these mutations is the stabilization of the key player β-catenin and the subse-
quent formation of nuclear Tcf/β-catenin complexes, causing uncontrolled tran-
scriptional activation, the hallmark of cancer cells.

The Wnt/β-catenin pathway is considered to be crucial not only for cancer initia-
tion, but also for cancer progression. Inhibition of β-catenin signaling by a domi-
nant negative form of Tcfs that lack β-catenin-binding domain results in a rapid G1 
arrest in colorectal cancer cell lines (Tetsu and McCormick 1999; van de Wetering 
et al. 2002). Furthermore, loss of β-catenin decreases tumor growth rates in color-
ectal carcinoma xenograft models (Green et al. 2001; Kim et al. 2002). These find-
ings suggest that the high proliferative capacity of late-stage colon cancer cells 
remains heavily dependent on β-catenin signaling activity.

5  Therapeutic Interventions Targeting β-Catenin
Signaling Activity

The persistent presence of stabilized nuclear β-catenin in a broad spectrum of 
human cancers makes it an attractive target for cancer therapeutics. Despite the fact 
that there has been great interest in discovering drugs that effectively block β-catenin 
activity over the past decade, the development of such therapeutics is still in its 
infancy. The number of novel molecular interactions identified in this signaling 
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pathway discussed above offers new opportunities for pharmacological intervention. 
Outlined below are current drug discovery and development efforts aimed at inhibiting 
aberrant Wnt/β-catenin signaling in cancer.

5.1 Existing Drugs That Suppress b-Catenin Activity

Nonsteroidal anti-inflammatory drugs (NSAIDs), such as aspirin, are widely used 
for the treatment of inflammation, pain and fever. The beneficial effects of NSAIDs 
are mainly attributed to inhibition of cyclooxygenase-2 (COX-2) involved in pros-
taglandin biosynthesis. In recent years, numerous epidemiological and clinical 
studies have shown that regular use of these compounds reduces the incidence and 
severity of various human cancers, including colorectal cancer (Giovannucci et al. 
1995; Jolly et al. 2002; Koehne and Dubois 2004; Thun et al. 1991). NSAIDs exert 
their anti-neoplastic effects through a number of mechanisms, including suppres-
sion of tumor cell proliferation, angiogenesis and metastasis, as well as induction 
of apoptosis (Koehne and Dubois 2004; Williams et al. 1997). Several lines of evi-
dence indicate that inhibition of elevated COX-2 activity in tumors contributes to 
their anti-cancer activity (Oshima et al. 1996; Sonoshita et al. 2001). Their precise 
mechanism of action, however, seems to be fairly complex. Recent reports have 
suggested that COX-2-independent routes may also explain the anti-cancer effects 
of NSAIDs (Grosch et al. 2006).

Cumulative data indicate that the anti-tumor action of NSAIDs is mediated in 
part through suppression of the canonical Wnt pathway. This was first proposed 
when NSAID treatment was found to drastically decrease the overall number and 
size of adenomatous polyps in patients with FAP (Giardiello et al. 1993; Phillips 
et al. 2002) as well as in FAP mouse models (Torrance et al. 2000; Yang et al. 
2003). Mechanistically, these drugs appear to inhibit Wnt/β-catenin signaling at 
multiple levels, including induction of β-catenin degradation (Bos et al. 2006; 
Dihlmann et al. 2003) and disruption of the Tcf/β-catenin complex (Hawcroft et al. 
2002; Nath et al. 2003). A more recent report suggests that prostaglandin E

2
 stimu-

lates colon cancer cell growth via a G-protein-dependent pathway that ultimately 
leads to inactivation of GSK3, thereby elevating β-catenin levels (Castellone et al. 
2005; Clevers 2006a). Further studies will be required to define the mechanistic 
aspects of NSAID action in the treatment of colorectal cancer.

5.2 Small-Molecule Inhibitors

In the nucleus, the formation of the Tcf-β-catenin complex is a prerequisite for target 
gene activation. Targeted interference with this complex formation in colon cancer 
cells has been shown to effectively abrogate activation of target genes and to inhibit 
their growth in vitro (Tetsu and McCormick 1999; van de Wetering et al. 2002). 
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Accordingly, small compounds that can specifically disrupt the Tcf-β-catenin complex 
in vivo hold immense potential for the treatment of Wnt-driven tumors.

Earlier crystallographic studies of Tcf-β-catenin complexes demonstrate that the 
N-terminal acidic domain of Tcf proteins binds, with a high affinity (K

d
 = ∼10 nM), 

to an extended region encompassing R3-10 of β-catenin (Graham et al. 2000, 
2001). However, this basic groove of the β-catenin Arm repeat domain also interacts 
with other molecules. For instance, comparison of crystal structures of β-catenin
bound to E-cadherin, APC or Axin reveals that these ligands bind along the basic 
groove of β-catenin in a very similar manner to Tcf proteins (Ha et al. 2004; Huber 
and Weis 2001; Xing et al. 2003, 2004). These observations raise concern that any 
small molecule capable of disrupting the Tcf-β-catenin complex would potentially 
interfere with β-catenin-cadherins, β-catenin-APC and/or β-catenin-Axin interac-
tions. Interaction with E-cadherin is essential for cell–cell adhesion, while complex 
formation with APC or Axin controls β-catenin levels in normal tissues. Disruption 
of such interactions is likely to have undesirable consequences. Hence, small-mol-
ecule inhibitors must selectively interfere with the Tcf-β-catenin complex without 
disrupting other essential interactions of β-catenin.

The first small-molecule disruptors of the Tcf-β-catenin complex were success-
fully identified using a high-throughput immunoenzymatic detection of the protein–
protein interaction (Lepourcelet et al. 2004). Among 7,000 purified natural 
compounds, eight displayed reproducible, dose-dependent inhibition of the Tcf-β-
catenin interaction with IC

50
 < 10 µM. Two most potent compounds (PKF115-584 

and CGP049090; Fig. 3) consistently scored as inhibitors of the Tcf-β-catenin inter-
action in nearly every secondary assay, including disruption of Tcf-β-catenin 
complexes in vitro, and inhibition of colon cancer cell proliferation, β-catenin-
dependent reporter activity and β-catenin-mediated axis duplication in Xenopus
embryos. Significantly, these compounds share a common core chemical structure, 
implying that they exert their effects in a similar mechanism. However, the precise 
molecular mechanisms by which these active compounds block the interaction 
between Tcf and β-catenin are unclear. Unfortunately, these small molecules also 
interfere with APC-β-catenin interactions, limiting their therapeutic potential as anti-
cancer drugs (Lepourcelet et al. 2004). Nevertheless, this pioneer work underscores the 
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Fig. 3 Chemical structures of small-molecule inhibitors of β-catenin signaling. RKF115-584 and 
CGP049090 abrogate the Tcf/β-catenin interaction, while ICG-001 interferes with β-catenin bind-
ing to CBP, leading to inhibition of β-catenin signaling
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feasibility of targeting protein–protein interactions among the essential components 
of oncogenic Wnt/β-catenin signaling in cancer drug discovery.

Given the high-affinity and dynamic binding of Tcf proteins to β-catenin, and 
the fact that substantially overlapping regions in the basic groove of β-catenin
interact with multiple molecules, screening or designing inhibitors that are highly 
specific for the Tcf-β-catenin interaction may face a major challenge. Additionally, 
one might envision that disrupting binding of β-catenin to essential transcriptional 
co-activators represents potential opportunities for small-molecule-mediated inter-
vention of β-catenin activity in tumor cells.

Another class of drugs with inhibitory effects on β-catenin activity has been 
isolated by a high-throughput cell-based assay and found to disrupt the interaction 
of β-catenin with CBP (Eguchi et al. 2005; Emami et al. 2004). SW480 colon cancer 
cells express truncated APC and hence show elevated basal activities of the β-catenin 
reporter TOPFLASH, which contains three optimal Tcf/Lef-binding sites driving 
luciferase expression (Korinek et al. 1997). Among 5,000 structurally divergent 
synthetic compounds, three closely related small molecules were found to display 
a dose-dependent inhibition of TOPFLASH activity in SW480 cells, with an IC

50

of 3 µM, without significantly affecting the mutant reporter FOPFLASH. The lead 
compound ICG-001 (Fig. 3), with a molecular weight of 548, selectively binds to 
the N-terminal portion of CBP and interferes with its interaction with β-catenin.
Curiously, this compound also binds to the corresponding region of the CBP 
homolog p300, but does not seem to disrupt its association with β-catenin. Through 
a microarray analysis, ICG-001 treatment of SW480 cells was found to inhibit 
expression of a subset of β-catenin target genes including cyclin D1 and the anti-
apoptotic gene survivin (Ma et al. 2005). ICG-001 also exhibited selective growth 
inhibitory effects and cytotoxicity in colon carcinoma cells with activated β-catenin, 
but not in normal colonic epithelial cells in vitro. More importantly, treatment with 
this compound dramatically decreases tumor growth in vivo in both APCMin and 
SW620 xenograft mouse models of cancer (Emami et al. 2004).

5.3  Other Potential Therapeutic Targets 
in b-Catenin Signaling

Other β-catenin co-activators such as TBP, Bcl9, Pontin, Brg1, CoCoA, TRAP, 
ISWI, MLL, parafibromin and Med12 are alternative targets for future cancer ther-
apeutics. Eventually, most of these co-activators are predicted to bind β-catenin at 
regions distinct from those for the interaction with cadherins, APC or Axin (Fig. 2). 
Small-molecule-mediated inhibition of their interaction with β-catenin is, there-
fore, expected to be more selective. The crystal structure of a β-catenin-Bcl9-Tcf
triple complex reveals that the β-catenin binding site of Bcl9 is distinct from that 
of the majority of β-catenin-interacting partners, highlighting the great potential of 
this target for pharmacological intervention (Sampietro et al. 2006). Aside from 
directly interfering with the transactivation potential of β-catenin, other candidate 
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approaches include modulation of subcellular localization of β-catenin, induction 
of β-catenin degradation, as well as small-interfering RNA (siRNA) approaches to 
silence β-catenin expression (Cong et al. 2003; Su et al. 2003; van de Wetering et al. 
2003; Verma et al. 2003). Tcf/β-catenin target genes such as cyclin D1 and c-Myc 
also provide alternative opportunities for therapeutic interventions in human cancers, 
as these genes are most likely to directly contribute to cancer formation and 
progression. Finally, targeting more upstream signaling components in the canonical 
Wnt pathway might be of therapeutic value depending upon which component is 
dysregulated in a disease state (He et al. 2005; You et al. 2004).

6 Conclusions and Perspective

It has become increasingly clear that perturbations in Wnt signaling are involved in 
human diseases. In particular, a wealth of evidence implicates that chronic activation of 
β-catenin signaling is a common feature in nearly all colorectal tumors as well as in other 
tumor types. Therefore, small molecules that modulate this signaling cascade hold great 
promise for treating a range of cancers and potentially other diseases associated with 
aberrant Wnt signaling. Recent advances in understanding the molecular mechanisms of 
β-catenin transactivation provide new and exciting opportunities for therapeutic inter-
vention. In addition to disrupting the Tcf/β-catenin complex in order to effectively block 
target gene activation, interactions between β-catenin and essential co-activators are 
attractive targets that certainly deserve intensive pharmacological searches.

A significant number of obstacles remain to be overcome before small-molecule 
β-catenin inhibitors become a reality. First of all, drugs developed to inhibit the 
Tcf/β-catenin interaction must be highly selective without affecting other β-catenin
complexes essential for normal cell function. Second, drug development or design 
targeting β-catenin co-activators may similarly encounter specificity problems, as 
the majority of these co-activators are most likely to participate in multiple signal-
ing pathways. Better understanding of the function of these co-activators and their 
co-crystal structure with β-catenin will help to assess their true potential as thera-
peutic targets. Another critical issue is whether adults can tolerate Wnt pathway 
blockade since β-catenin signaling activity is crucial for normal stem cell renewal, 
tissue regeneration and repair (Beachy et al. 2004; Pinto and Clevers 2005; Reya 
and Clevers 2005). Persistent inhibition of this signaling activity may have detri-
mental side effects. On the other hand, currently available drugs such as NSAIDs 
have clearly shown promise in the treatment of colorectal tumors resulting from 
activated β-catenin in humans. Since long-term NSAID therapy is associated with 
potentially life-threatening adverse effects including gastrointestinal bleeding and 
kidney impairment, the development of safer and more effective NSAID deriva-
tives is warranted to minimize these severe unwanted effects.

Although there are a number of formidable obstacles to success, the next several 
years are likely to be fruitful and exciting, providing new lead compounds targeting 
the Wnt/β-catenin pathway as cancer therapeutics.
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Abstract The study of cAMP signaling has received a renewed impulse since the 
recognition that a key aspect of this pathway is the tight spatial control of signal 
propagation. The study of the mechanism that regulates cAMP signaling in space 
and time has prompted the development of new methodological approaches to 
detect cAMP in intact cells. Over the last decades, techniques to assess cAMP 
concentration with high spatial and temporal resolution in living cells have been 
elaborated that are based on fluorescent molecules and the phenomenon of fluo-
rescence resonance energy transfer (FRET). A FRET-based indicator of cAMP 
concentration is typically a protein, including two fluorophores that are linked to a 
cAMP-binding domain. Binding of cAMP causes a change in the protein conforma-
tion and, as a consequence, in the distance between the fluorophores, thus altering 
the energy transfer between them. Several FRET indicators have been developed, 
differing in their affinity for cAMP, kinetic features and intracellular targeting. 
Such indicators enable the measurement of cAMP fluctuations as they happen 
in the complex intracellular environment and are proving to be effective tools to 
 dissect compartmentalized cAMP signaling.
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Abbreviations: AC, Adenylyl cyclase; AKAP, A-kinase anchoring protein; 
cAMP, 3′–5′-Cyclic adenosine monophosphate; C, Catalytic subunit of PKA; 
CFP, Cyan fluorescent protein; CNG, Cyclic-nucleotide-gated channel; DD, 
dimerization/docking domain; DEP, Disheveled, Egl-10 and Pleckstrin homology 
domain; Epac, Exchange protein directly activated by cAMP; FRET, Fluorescence 
resonance energy transfer; GEF, Guanine nucleotide exchange factor; GFP, 
Green fluorescent protein; HCN, Hyperpolarization-activated cyclic nucleotide 
modulated channel; IBMX, 3-Isobutyl-1-methylxanthine; IS, Inhibitory site of 
PKA; mp, Myristoylation and palmitoylation sequence; nls, Nuclear localization 
sequence; NE, Norepinephrine; PDE, Phosphodiesterase; PGE1, Prostaglandin E 
1; PKA, Protein kinase A; R, Regulatory subunit of PKA; Rol, Rolipram; YFP, 

Yellow fluorescent protein

1 Introduction

In the cAMP-dependent pathway, an extracellular signal (“first” messenger: neu-
rotransmitter, hormone or light) activates a cell surface receptor coupled to a 
trimeric G-protein that, after dissociations of its three subunits, modulates the 
activity of adenylyl cyclases (ACs), the enzymes that synthesize cAMP. At any 
given time, the intracellular concentration of cAMP results from the balance 
between synthesis and degradation. The catabolism of cAMP is mediated by 
phosphodiesterases (PDEs), a superfamily of more than 90 enzymes that differ 
for their specific  localization and regulatory mechanisms (Bender and Beavo 
2006). Upon synthesis, cAMP rapidly diffuses into the cytosol to activate down-
stream effector proteins, i.e., the cAMP-dependent serine–threonine protein 
kinase A (PKA), guanine- nucleotide exchange proteins (Epacs) and cyclic nucle-
otide-gated (CNG) ion channels.

PKA is a tetramer consisting of two catalytic (C) subunits held in an inactive 
conformation by a regulatory (R) subunit dimer. R subunits comprise a dimeriza-
tion/docking (DD) domain at the N-terminus, responsible for docking of R subunits 
to specific intracellular sites via high-affinity binding to A-kinase anchoring 
 proteins (AKAPs), a family of multiscaffolding proteins that anchor PKA to spe-
cific intracellular locations (Wong and Scott 2004). The DD domain is followed by 
a flexible linker that docks to the C subunit active site in the holoenzyme and acts 
as an inhibitory site (IS). The inhibitory site is followed by two tandem cAMP-
binding domains. The holoenzyme dissociates when cAMP binds to the R subunits, 
thereby releasing the active C subunits. Two PKA subtypes are known: the type-I 
holoenzyme contains RI subunits and is primarily soluble, whereas the type-II 
holoenzyme contains RII subunits and is associated with particulate subcellular 
fractions (Francis and Corbin 1999).

Epacs are guanine nucleotide exchange factors (GEFs) for Rap1 and Rap2 (de 
Rooij et al. 2003). Rap GTPases cycle between an inactive GDP-bound and an 
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active GTP-bound state, with GEFs mediating the exchange of GDP for GTP. The 
N-terminus of Epac1 proteins consists of a regulatory domain containing a cAMP-
binding site similar to those present in the R subunit of PKA and, in addition, a 
Disheveled, Egl-10 and pleckstrin homology (DEP) domain that mediates mem-
brane attachment (de Rooij et al. 1998; Rehmann et al. 2003). The C-terminal 
region consists of a catalytic domain that is characteristic of exchange factors for 
the Ras family of GTPases. At low cAMP levels, Epac folds into an inactive 
 conformation, and steric hindrance prevents the binding of Rap. When cAMP binds 
to the protein, Epac unfolds, allowing Rap binding (Rehmann et al. 2003).

CNG channels are cation channels that have been characterized in rod and cone 
photoreceptors and in olfactory sensory neurons of vertebrates (Finn et al. 1996). 
These channels are homo- or hetero-tetrameric with a core region in each subunit 
including six transmembrane helices. On the intracellular side, the so-called 
C-linker domain couples the gating transmembrane part to a cyclic nucleotide-
binding domain, which has been shown to be more sensitive to cGMP than cAMP. 
By controlling the flux of ions through the membrane, these channels play a critical 
role in the regulation of the transmembrane potential and of the concentration of 
ionic species, such as Ca2+. As opposed to their cognate hyperpolarization-activated 
cyclic nucleotide-modulated (HCN) channels, which are opened by transmembrane 
hyperpolarization and whose activity is only modulated by cyclic nucleotides, CNG 
channels are poorly voltage dependent.

2 Cyclic AMP Signaling and Specificity of Response

Although cAMP activates a limited number of effectors, it is known to modulate a 
wide variety of biological processes, from metabolism and gene expression, cell 
division and migration, exocytosis and insulin secretion to immune response, 
memory formation and cardiac contraction. In order to explain how a single 
 intracellular second messenger, cAMP, can modulate such different cellular events 
in a specific manner, it has been suggested that parallel and spatially segregated 
cAMP signaling pathways coexist within the cell (Steinberg and Brunton 2001; 
Zaccolo et al. 2002; Tasken and Aandahl 2004). According to this model, cAMP 
signaling relies on the organization of macromolecular complexes in which the 
receptors, the effectors, the targets and the modulators are in close proximity to 
each other, thus granting velocity and specificity of signaling. A key role in the 
organization of such PKA signaling units is played by AKAPs that act as signaling 
domain nucleators by anchoring PKA in close proximity to specific targets and 
modulators (Wong and Scott 2004). An example of how the cAMP signal is trans-
duced through a multimeric signaling system is the activation of the L-type Ca2+

channel upon β
2
-adrenergic receptor stimulation in hippocampal neurons. In these 

cells, a multiprotein assembly comprising the β
2
-adrenergic receptor, the adenylyl 

cyclase, a heterotrimeric G protein, the AKAP MAP2B, PKA, the PKA-regulated 
Ca

v
1.2 L-type Ca2+ channel and the phosphatase PP2A was identified (Davare et al. 
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2001). Activation of the β
2
-adrenergic receptor was shown to lead to selective 

 activation of the Ca
v
1.2 channel included within the complex, thus indicating that 

the spatial confinement of the signaling molecules restricts signal propagation and 
results in local effector activation (Davare et al. 2001).

If PKA signaling specificity relies upon spatial segregation of discrete signaling 
units, then such individual pools of PKA must be independently activated, and this 
requires that cAMP is made available in discrete compartments. However, cAMP 
is generally considered to be freely diffusible in the cytosol, with a calculated 
 diffusion constant of ~150–700 µm2 s−1 (Kasai and Petersen 1994; Bacskai et al. 
1993; Nikolaev et al. 2005), making it difficult to envisage how restricted domains 
of cAMP can be generated. Over 25 years ago, the dogma of unrestricted diffusion 
of cAMP was challenged, and the hypothesis of spatially restricted domains of 
cAMP was formulated to explain experimental data obtained in cardiac myocytes, 
where β-adrenergic effects correlate with activation of a particulate, membrane-
bound fraction of PKA, whereas elevation of cAMP due to prostaglandin 1 is 
mainly in the cytosol and without functional consequences (Brunton et al. 1981; 
Steinberg and Brunton 2001). More recent data confirmed that spatial heterogene-
ity of cAMP does indeed exist inside a cell. Whole-cell patch-clamp recordings of 
the Ca2+ current (I

Ca
) in frog heart cells have shown that a local stimulus of the 

β-adrenergic receptor causes activation of local I
Ca

, whereas local application of 
the AC activator forskolin induces a generalized activation (Jurevicius and 
Fischmeister 1996), indicating that β-adrenergic receptors are functionally coupled 
to nearby Ca2+ channels via local elevations of cAMP.

These conclusions were still based on rather indirect evidence. In fact, the 
 analysis of cAMP fluctuations inside the cell has been limited, until very recently, 
by the lack of appropriate tools. In the last few years, new approaches have been 
developed that have significantly contributed to establishing that cAMP is not free 
to diffuse inside the cell, but rather it signals through the generation of intracellular 
gradients with distinct temporal and spatial patterns (Zaccolo et al. 2002).

3  Detection of cAMP: Accumulation Assays versus 
Real-Time Monitoring

Traditionally, detection of cAMP is based on accumulation assays. A radioimmu-
noassay-based method to asses directly cAMP concentration from tissue and cell 
preparations was introduced in the late 1960s (Steiner et al. 1969). The general 
principle behind such types of accumulation assays is that changes in intracellular 
cAMP are detected by the competition between cAMP in the sample and a labeled 
form of cAMP for binding to an anti-cAMP antibody. With several variations, this 
method is still the most widely used to date. Several protocols are now available 
based on this simple approach, exploiting a whole plethora of technologies, from 
radiometric to enzymatic and with application for high-throughput screening 
(Williams 2004). Although such methods can be highly sensitive (Golla and 
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Seethala 2002) and remain essential research tools, their limitation derives from the 
necessity of fixing and/or breaking apart the sample and extracting the second 
 messenger from the cells. In doing so, any information relating to the spatial 
organization of the cAMP signal is lost. In addition, cAMP accumulation assays are 
restricted to assessing the second messenger concentration in steady-state  conditions 
or changes in a timescale of minutes. Therefore, their time resolution is rather poor. 
Moreover, only average information relative to total cAMP changes in a cell 
 population is attainable, whereas the concentration of free cAMP in the individual 
cell is more physiologically relevant.

Thus, the conventional way of assessing cAMP concentration is clearly  inadequate 
to respond to the request of high spatial and temporal resolution  necessary to investi-
gate compartmentalized signaling. An important step forward in the study of the spa-
tial and temporal aspects of cAMP signaling came from the development of real-time 
detection approaches. Such methodologies allow to measure accurately quantitative 
and dynamic parameters of the cAMP signaling networks. In addition, they provide 
unprecedented resolution both in time and in space, reporting cAMP changes as they 
happen in the complex intracellular environment.

4 cAMP Measurement in Living Cells: CNG Channels

One approach for real-time detection of cAMP changes is based on olfactory CNG 
cation channels (Rich et al. 2000). Increase in cAMP concentration leads to fast 
gating of the channels, and cAMP changes are monitored typically by imaging of the 
fluorescent Ca2+ indicator fura-2 or by electrophysiological recordings of Ca2+ currents. 
The use of wild-type CNG channels to detect changes in cAMP  concentration shows 
several limitations. First, wild-type channels have a lower affinity for cAMP than 
for cGMP (Dhallan et al. 1990; Rich et al. 2001b). Second, CNG channels can also 
be opened directly by nitric oxide (Broillet 2000). Third, the opening of these 
channels is strongly inhibited upon Ca2+-calmodulin  binding (Liu et al. 1994). 
To surmount some of these limitations, the properties of the wild-type CNG chan-
nels have been modified (Rich et al. 2001a). To reduce the sensitivity to cGMP and 
increase the sensitivity to cAMP, two mutations, C460W and E583M, have been 
introduced, whereas the regulation of the channel by Ca2+-calmodulin has been 
removed by deletion of residues 61–90. Thus, the channel ∆61–90/C460W/E583M
is virtually insensitive to cGMP and sensitive to low cAMP concentrations (Rich et 
al. 2001a). Although these improvements have extended the application of the 
CNG-based probes, some limitations persist. Firstly, changes in cAMP concentra-
tion can be detected only at the plasma  membrane, where the probe is located, and 
the cAMP signal cannot be revealed in other compartments. Secondly, overexpres-
sion of the channel and the consequent increase in Ca2+ influx may affect the intra-
cellular concentration of cAMP by acting on Ca2+-sensitive ACs or PDEs. As a 
consequence, the concentration of cAMP reported by the CNG-based sensor may 
be non-physiological.
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5  cAMP Measurements in Living Cells Using 
FRET-Based Technology

A different strategy to detect cAMP in living cells exploits fluorescence resonance 
energy transfer (FRET). In this approach, FRET is used to measure the  conformational 
change that occurs upon cAMP binding to cAMP-binding domains that have been 
appropriately engineered for this purpose. FRET is a  quantum-mechanical event that 
occurs when two fluorophores are placed in close proximity to each other (<100 Å), 
provided that the emission spectrum of the fluorophore that acts as the “donor” 
overlaps the excitation spectrum of the “acceptor” fluorophore. Under these circum-
stances, part of the vibrational energy of the excited state of the “donor” is trans-
ferred to the “acceptor” that emits at its own wavelength. The efficiency of this 
process (E) depends on the distance (R) between donor and acceptor with an inverse 
sixth power law, as described by the Förster’s equation: E=1/(1+(R/R

0
)6) (Förster 

1948), where R
0
 is the distance at which half of the energy is transferred. According to 

the Förster’s equation, the doubling of the distance between the two fluorophores, for 
example, from R

0
 to 2R

0
, decreases the efficiency of transfer from E=50% to E=1.5%.

Therefore, FRET  provides a very sensitive measure of intermolecular distance. If the 
two fluorophores are held together by proteins that undergo a conformational change 
upon binding to cAMP, FRET can be used to measure cAMP concentration.

5.1 PKA-Based Sensors

Tsien and co-workers (Adams et al. 1991) devised the first application of the FRET 
technology for measuring cAMP concentration in living cells. The sensor they 
generated, termed FlCRhR, is based on PKA, the R and catalytic C subunits of 
which were labeled with rhodamine and fluorescein, respectively. In the absence of 
cAMP, R and C subunits interact to form the holoenzyme R

2
C

2
 and the two 

 fluorophores come close enough for FRET to occur. When cAMP binds to the R 
subunits, the C subunits dissociate, thereby disrupting FRET. Although this 
approach allowed, for the first time, imaging of cAMP fluctuations in a living 
 sample, it is affected by major limitations and technical difficulties, such as the 
necessity to microinject a large amount of the probe (µM concentrations), the 
aggregation of the labeled subunits and the non-specific interactions of labeled 
subunits with cellular structures (Goaillard et al. 2001).

An evolution of the FlCRhR prototype led to the generation of a sensor (R-CFP/
C-YFP) in which the C and R subunits of PKA are fused to the yellow (YFP) and 
cyan (CFP) mutants of GFP, respectively (Lissandron et al. 2005; Zaccolo et al. 
2000) (Fig. 1).

cAMP binding to the R subunit generates a conformational change that reduces 
the affinity of the R subunit for the C subunit, leading to dissociation of the 
 holotetramer. At the low cAMP concentration of a resting cell, most of the R and 
C subunits are associated, and the fused GFPs are close and in the correct orientation
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Fig. 1 PKA-based sensor. (a) Schematic representation of the mechanism of action of the PKA-
based FRET sensor R-CFP/C-YFP. (b) Schematic structure of the R-CFP and C-YFP components 
of the PKA-based sensor (left panel) and distribution of the R-CFP subunit in rat neonatal cardiac 
myocytes (right panel). The localization of the probe in parallel striations was shown to depend on 
anchoring of R-CFP to endogenous AKAPs (Zaccolo and Pozzan 2002). The distribution of the 
C-YFP subunit (not shown) overlays the distribution of the R-CFP subunit. (c) Kinetics of FRET 
changes recorded in rat neonatal cardiac myocytes overexpressing the R-CFP/C-YFP sensor (left 
panel) or the R

R230K
-CFP/C-YFP sensor (right panel). R, PKA regulatory subunit; C, catalytic PKA 

subunit; DD, dimerization/docking domain; IS, inhibitory sequence; domain A, cAMP binding 
domain A; domain B, cAMP binding domain B; Rol, rolipram; IBMX, 3-isobutyl-1-methylxan-
thine; NE, norepinephrine

for FRET to occur. When cAMP levels increase and the two subunits  dissociate, 
CFP and YFP disengage, and FRET is no longer possible. When FRET occurs 
and CFP is excited at its proper wavelength (430 nm), part of its excited-state 
energy is transferred to YFP, which can emit at its own wavelength (545 nm). When 
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FRET is abolished upon cAMP binding, only CFP emission (480 nm) can be 
detected upon excitation of CFP. FRET changes can be measured as changes in the 
emission spectrum of the probe (emission YFP/emission CFP) upon illumination at 
a wavelength that excites selectively the donor CFP (430 nm). Being entirely 
genetically encoded, the R-CFP/C-YFP sensor can be easily introduced into cells 
by transfection or infection (Warrier et al. 2005), therefore extending the applica-
tion of this methodology to most cell types.

The R-CFP/C-YFP sensor shows an EC
50

 for cAMP of about 0.3 µM (Table 1), 
and its catalytic activity is comparable to wild-type PKA (Mongillo et al. 2004).

One specific advantage of the PKA-based sensors for cAMP is that they report 
fluctuations of the second messenger specifically in the compartments in which 
PKA resides. Thus, being the R component of the probe the isoform type II, the 
overexpressed R-CFP subunit binds, via its DD domain, to those AKAPs that are 
present in the cell under study, thereby localizing the sensor in that specific 
 compartment. Overexpression of the R-CFP/C-YFP sensor in cardiac myocytes 
provides a clear example of such localization (Fig. 1b).

Using the R-CFP/C-YFP sensor, it was possible to visualize, for the first time, 
microdomains of cAMP in cardiac cells in correspondence with signaling units organ-
ized by AKAPs (Zaccolo and Pozzan 2002). In addition, using the R-CFP/C-YFP 
sensor, insight into the role of PDEs in shaping the intracellular gradients of cAMP 
in cardiac myocytes has been gained, leading to the conclusion that different PDEs 
are selectively engaged in degrading cAMP pools generated by the activation of 
specific G-protein coupled receptors (Mongillo et al. 2004, 2006).

In specific experimental set-ups, the affinity of the PKA-based sensor may result 
in being too high, and changes in cAMP concentration may not be detected 

Table 1 Design and sensitivity of different probes for real-time detection of cAMP. Approximate 
EC

50
 for each sensor is indicated. 

Sensor Design EC
50

References

FlCRhR Tetrameric PKA 90 nM Adams et al. (1991)
R-CFP/C-YFP Tetrameric PKA 0.3 µM Mongillo et al. (2004)
R

R230K
-CFP/C-YFP Mutant tetrameric PKA 31.3 µM Mongillo et al. (2004)

Wild-type CNGA2 CNG channel 36 µM Rich et al. (2001)
∆61-90C460W/E583M Mutant CNG channel 15 µM Rich et al. (2001)
H30 Mutant Epac 1 12.5 µMa Terrin et al. (2006)
mpH30 Mutant Epac 1 20 µMa Terrin et al. (2006)
nlsH30 Mutant Epac 1 17.5 µMa Terrin et al. (2006)
Epac 1-camps cAMP-binding domain 

from Epac 1
2.4 µM Nikolaev et al. 

(2004)
Epac 2-camps cAMP-binding domain B 

from Epac 2
0.9 µM Nikolaev et al. 

(2004)
PKA-camps cAMP-binding domain B 

from PKA
1.9 µM Nikolaev et al. 

(2004)
HCN 2-camps cAMP-binding domain 

from HCN 2
5.9 µM Nikolaev et al. 

(2006)

aValues determined in living cells. All other values are determined in vitro
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 accurately because of probe saturation. To overcome this limitation, the R230K 
mutation was introduced in the R subunit, thus generating a probe (R

R230K
-CFP/

C-YFP) with a two-order of magnitude lower affinity for cAMP (Table 1). Figure 
1c compares the cAMP signal detected by either the R-CFP/C-YFP or the R

R230K
-

CFP/C-YFP sensor in cardiac myocytes in which the concentration of cAMP was 
raised by different stimuli. The R-CFP/C-YFP sensor cannot  discriminate the 
cAMP response to norepinephrine (NE) from the amount of cAMP released upon 
selective PDE4 inhibition with rolipram (Rol) or non-selective inhibition of all 
PDEs with 3-Isobutyl-1-methylxanthine (IBMX). This is clearly the result of probe 
saturation as the R

R230K
-CFP/C-YFP sensor can easily report the peak response to 

these different stimuli.
In spite of the specific advantages described above, the PKA-based sensors for 

cAMP have some drawbacks. First, because of the multimeric nature of the sensor, 
equimolar concentration of R and C subunits is required in order to form a 
 functional tetramer, and this is not easy to control in transfected cells. Second, the 
cAMP-dependent dissociation of R and C subunits occurs through a complex 
 cooperative mechanism (Taylor et al. 2005), and, therefore, the kinetics of FRET 
change reported by the sensor may result slower as compared to the actual kinetics 
of cAMP changes. In addition, the C-YFP subunit is catalytically active. This may 
affect the level of cAMP inside the cell by, for example, hyperactivation of  PKA-
sensitive PDEs. In order to overcome these limitations, a new generation of unimo-
lecular and catalytically inactive cAMP sensors has been designed.

5.2 Epac-Based Sensors

The first unimolecular FRET probes for cAMP exploited Epac as the sensor for the 
cyclic nucleotide (DiPilato et al. 2004; Ponsioen et al. 2004). One of these 
 indicators was generated by fusing the amino terminus of the Epac 1 protein to CFP 
and the C-terminus to YFP (Ponsioen et al. 2004). Such sensors localize to the 
cytosol and to membranes, in particular to the nuclear envelope and to perinuclear 
compartments (Ponsioen et al. 2004). To generate a cytosolic variant, the DEP 
domain (amino acids 1–148) was deleted. Indeed, this chimera locates almost 
exclusively in the cytosol. Additional mutations (T781A, F782A) were introduced 
to generate the sensor CFP–Epac(δDEP-CD)–YFP (also termed H30), which is 
catalytically inactive (Ponsioen et al. 2004) (Fig. 2a,b).

The lower sensitivity to cAMP of these Epac-based sensors (20 µM, Table 1) as 
compared to the PKA-based probes limits their application to systems  characterized 
by large changes in cAMP concentration.

Further modifications to the Epac-based indicators have been introduced to target 
the sensor to specific subcellular compartments. In particular, a short polypeptide 
called mp and corresponding to the N-terminal targeting signal from the Lyn kinase 
(Resh 1999) was fused to the N-terminal end of H30. The mp sequence is post-
 translationally myristoylated and palmitoylated, therefore targeting the sensor to the 
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Fig. 2 Epac 1-based sensor. (a) Schematic representation of the mechanism of action of the Epac 
1-based sensor H30. (b) Schematic structure of H30 (left panel) and cytosolic distribution of the 
probe (right panel). (c) Schematic structure of mpH30 (left panel) and localization of the probe at 
the plasma membrane (right panel). (d) Schematic structure of nlsH30 (left panel) and localization 
of the probe in the nucleus (right panel) shown as image of the fluorescence emission (left) and 
its overlay with the transmitted light image of the same cells (right). (e) Dose–response curves 
showing FRET changes at different cAMP concentration for the three Epac 1-based sensors. For 
these measurements, HeLa cells expressing each cAMP sensor were injected with known concen-
trations of cAMP via a patch pipette and FRET changes recorded (Terrin et al. 2006). (f) Kinetics 
of FRET changes recorded with the three different sensors upon addition, via a patch pipette, of 
100 µM cAMP. Each curve represents the average of five independent measurements
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plasma membrane (Fig. 2c). Another variant of H30 was generated by fusing a 
nuclear localization sequence (nls) to the C-terminus of the sensor, which effectively 
targets the cAMP indicator to the nuclear compartment (Fig. 2d). These differently 
targeted probes have proved to be very useful tools to study compartmentalized 
cAMP signaling. The combined use of the differently targeted H30 probes allowed 
the dissection of the cAMP response in the different subcellular compartments in 
the model cell line HEK293 (Terrin et al. 2006). This study shows that prostaglan-
din 1 (PGE1) stimulation of HEK293 cells generates multiple contiguous intracel-
lular domains with different cAMP concentration. In particular, PGE1 stimulation 
generates a larger pool of cAMP in the sub-plasma membrane compartment as 
compared to the bulk cytosol. In addition, this study shows that in a subcellular 
compartment, such as the nucleus, located deep inside the cell and far away from 
the site of synthesis of the second messenger, the concentration of cAMP can be 
higher as compared to the surrounding cytosol. This is an important observation 
because it confirms that mechanisms are in place that allow a subset of PKA that 
are anchored at a distance from the plasma membrane to be selectively activated 
without the concomitant activation of other PKA subsets that may be located closer 
to the site of cAMP synthesis. What is the mechanism responsible for such com-
partmentalization of cAMP? Pharmacological inhibition of PDEs associated with 
genetic manipulation of these enzymes by using small RNA interfering and over-
expression of dominant negative constructs of selected PDEs demonstrate that 
compartmentalized PDE4B and PDE4D are responsible for selectively modulating 
the concentration of cAMP in individual subcellular  compartments in HEK293 
cells (Terrin et al. 2006).

The obvious advantage of using the same sensor targeted to different subcel-
lular compartments is that, in principle, the readings of the different probes are 
directly comparable. However, careful characterization of the individual sen-
sors is  necessary as even minor changes in the sequence of a probe may affect 
its  performance. For example, in the case of the H30, mpH30 and nlsH30 indi-
cators, although the introduction of targeting sequences did not significantly 
affect the sensitivity of each probe variant to cAMP (Fig. 2e and Table 1), the 
kinetics of FRET changes resulted in being significantly faster for the nlsH30 
sensor as compared to the H30 and mpH30 variants (Fig. 2f), therefore hinder-
ing reliable conclusions on the different kinetics of cAMP changes in the indi-
vidual compartments.

5.3 Sensors Based on Single cAMP-Binding Domains

Crystallographic studies of cyclic nucleotide-binding domains from Epac and PKA 
revealed that cAMP binding induces conformational changes even in the absence of 
other parts of the protein (Diller et al. 2001; Rehmann et al. 2003). Based on these 
observations, a family of FRET sensor based on a single cAMP-binding domain 
from Epac 1, Epac 2, the PKA R subunit (Nikolaev et al. 2004) or a HCN channel 
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(Nikolaev et al. 2006) was generated. Such sensors have the advantage of an 
extremely simplified design with a single cAMP-binding domain sandwiched between 
YFP and CFP (Fig. 3), reducing in this way the chance to generate artifacts resulting 
from catalytic activity or potential interaction of the sensor with  endogenous pro-
teins. In addition, the sensitivity of such single-domain sensors proved to be 
 reasonably high (0.9–5.9 µM) (Nikolaev et al. 2004), allowing the measurement of 
cAMP within the physiological range of concentrations. In addition, they show rapid 
cAMP-dependent FRET changes both in vitro and in intact cells, therefore allowing 
the achievement of high temporal resolution (Nikolaev et al. 2004).

6 Conclusions

Real-time measurement of cAMP fluctuations in the cell is of paramount  importance 
to understand the inner works of the cAMP-dependent signaling pathway. 
Development of new techniques, relying both on CNG channels and on  FRET-
based sensors, is leading to the acquisition of detailed information on how cAMP 
signal propagation occurs in the complexity of the intact cell and is contributing to 
defining the complex molecular mechanisms that regulate signal transmission in 
space and time. Being genetically encoded, such sensors can be expressed in trans-
genic animals, thus opening the possibility to study cAMP signaling in intact, living 
organisms.
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Fig. 3 Sensor based on a single cAMP-binding domain. (a) Schematic representation of the 
mechanism of action of Epac-camps and (b) schematic structure of Epac 1-camps
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molecules like Ras and MAPKs and the translocation and activation of transcription 
factors like NFAT, AP1 and NF-kB. Spatial and temporal organization of these sig-
naling events is essential both to connect the receptors to downstream cascades as 
well as to control the functional outcome of the immune activation. Throughout this 
process control and fine-tuning of the different signals are necessary both for effec-
tive immune function and in order to avoid inappropriate or exaggerated immune 
activation and autoimmunity. This control includes modulating mechanisms that set 
the threshold for activation and reset the activation status after an immune response 
has been launched. One immunomodulating pathway is the cAMP-protein kinase 
A-Csk pathway scaffolded by a supramolecular complex residing in lipid rafts with 
the A kinase-anchoring protein (AKAP) ezrin, the Csk-binding protein PAG and 
a linker between the two, EBP50. Failure of correct scaffolding and loss of spa-
tiotemporal control can potentially have severe consequences, leading to immune 
failure or autoimmunity. The clinical relevance of supramolecular complexes spe-
cifically organized by scaffolding proteins in regulating immune activity and the 
specter of genetic diseases linked to different signaling components suggest that 
protein–protein contact surfaces can be potential targets for drug intervention. It is 
also of interest to note that different pathogens have evolved strategies to specifi-
cally modulate signal integration, thereby rewiring the signal in a way beneficial for 
their survival. In addition to demonstrating the importance of different signal proc-
esses, these adaptations are elegant illustrations of the potential for drug targeting 
of protein assembly. This chapter reviews some of the important scaffolding events 
downstream of immunoreceptors with focus on signaling transduction through the 
T-cell receptor (TCR).

1 Scaffolding of Proximal TCR Signaling

The T-cell receptor is composed of a ligand-binding TCRαβ heterodimer and 
 signal-transducing dimers of CD3εγ, CD3εδ and ζζ that upon interaction with its 
MHC-peptide ligand initiate an activation process that probably involves both 
receptor clustering and conformational change of the cytoplasmic part of the CD3 
component (Call and Wucherpfennig 2005; Minguet et al. 2007). These signaling 
components contain ITAMs with the consensus sequence YxxL/I/V x(6–8) YxxL/I/V 
that are essential for TCR-mediated activation (Reth 1989). The tyrosine 
 residues within this motif are phosphorylated by the protein tyrosine kinases Lck 
and Fyn and play a critical role in the recruitment of Src homology 2 (SH2) 
domain-containing proteins to the TCR (Chan and Shaw 1996; Kane et al. 2000). 
In this respect, the receptor itself acts as an adaptor where specific assembly of sig-
naling components can be regulated. Phosphorylated ITAMs recruit the tandem 
SH2-containing tyrosine kinase Zap-70 that is further regulated by a complex inter-
play between the tyrosine kinases Lck and Abl (Chu et al. 1998; Zipfel et al. 2004). 
In addition to phosphorylation in the activation loop of the kinase, several regula-
tory events have been coupled to tyrosine phosphorylation sites in interdomain B 
of Zap-70, between the second SH2 domain and the kinase domain (Brdicka 
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et al. 2005; Deindl et al. 2007; Di et al. 1999; Pelosi et al. 1999). This includes the 
recruitment of several adaptor proteins, such as c-Cbl, Vav and Crk, that can direct 
the activation process, suggesting that protein assembly at the level of Zap-70 is 
functionally important both in developing and mature cells. In support of this 
notion, Zap-70-deficient mice fail to develop mature T cells, and humans harboring 
mutations in the Zap-70 gene develop a severe form of immune deficiency due to 
the lack of circulating CD8+ cells and functional CD4+ cells (Negishi et al. 1995; 
Wiest et al. 1997). An interesting observation that further illustrates the importance 
of intact Zap-70 recruitment is seen in SKG mice that carry a single nucleotide 
substitution in the second SH2 domain of Zap-70 (W163C). These mice develop an 
autoimmune disease resembling human rheumatoid arthritis, probably due to a 
switch in the selection process that leads to survival of T cells with a high degree 
of self-reactivity (Sakaguchi et al. 2003, 2006b). Importantly, the disease does not 
manifest itself until T cells in the periphery are activated by pathogens, suggesting 
that only then is the higher self-reactivity able to overcome the reduced signaling 
ability. Hence, it seems that a partial defect in Zap-70 is enough to change the 
 signaling threshold essential for correct thymic selection. This suggests that  fine-
tuning of signals is functionally very important in balancing immune regulation. 
Other immunoreceptors that utilize ITAM phosphorylation and recruitment of Syk 
family tyrosine kinases include the B-cell receptor (BCR), Fc receptors for IgG 
(FcγRIII and FcεRI) and the collagen receptor on platelets, indicating that the 
ITAM-mediated recruitment of tandem SH2-containing kinases is a general para-
digm for transmitting signals in response to immunoreceptor-ligand interaction 
(Underhill and Goodridge 2007). Following the recruitment and activation of Zap-70,
the TCR represents an activated immune receptor that is ready to initiate downstream 
signals. The next step in immune cell signaling is to connect the activated receptor com-
plex to relevant downstream pathways to elicit adequate immune responses. This involves 
the specific recruitment of different signaling components to the inner leaflet of the 
plasma membrane through a highly sophisticated network of protein interactions.

1.1 Transmembrane Adaptor Proteins

Transmembrane adaptor proteins (TRAPs) are a group of integral membrane 
 proteins that recruit and assemble signaling molecules proximal to the antigen recep-
tors (Horejsi et al. 2004). These molecules are characterized by short extracellular 
domains followed by a transmembrane domain and long cytoplasmatic tails contain-
ing mainly tyrosine-based interaction motifs. The phosphorylation status of these 
motifs changes after immunoreceptor ligation and Zap-70 activation, thereby regu-
lating their ability to bind SH2-domain-containing effector proteins. So far, seven 
different members have been identified that can be further divided into two groups 
based on their targeting to lipid rafts in the plasma membrane. Lipid raft-associated 
TRAPs include LAT (linker for activation of T cell), PAG (protein associated with 
glycosphingolipid-enriched microdomains, also called Csk-binding protein Cbp), 
NTAL (non-T-cell activation linker) and LIME (Lck-interacting membrane protein), 
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all of which have a juxtamembrane CxxC motif that when palmitoylated targets 
TRAPs to membrane microdomains. Although this posttranslational modification 
seems to be essential for LAT function (further discussed below), the significance 
of dual acylation for targeting of the other TRAPs remains unclear. The non-lipid 
raft-associated TRAPs encompass LAX (linker for activation of X cells), SIT 
(SHP2-interacting TRAP) and TRIM (TCR-interacting molecule).

Together TRAPs provide an arsenal of targeting sites that can connect immu-
noreceptor signaling to downstream effectors. Several members contain multiple 
motifs for recruitment of Grb2 or GADS through YxN motifs. This suggests that 
the different TRAPs in general are associated with the fine-tuning and signal 
assembly related to specific receptor systems and that there is some level of redun-
dancy between members. Gene targeting studies of different TRAPs support this 
notion to some extent, but they also suggest that defects in signal organization due 
to lack of specific TRAPs can have severe long-term effects, including autoimmu-
nity. It is important to point out that TRAPs contribute in a unique way in the  fine-
tuning of different signals, including negative regulation of immune receptor 
activation. Interestingly, recent results suggest that there also can be interplay by 
two functionally opposing TRAPS in the fine-tuning of TCR signaling. This added 
complexity together with the different membrane distribution and binding abilities 
provides the immune cell with a set of focal points for spatiotemporal signal regula-
tion. A detailed description of all TRAPS and their functions can be found 
 elsewhere (Horejsi et al. 2004; Simeoni et al. 2005). Here we will focus on two 
functionally opposing scaffolding complexes involving TRAPs.

1.1.1 LAT Scaffolding

LAT has an essential role in TCR signaling and provides a hallmark example of the 
complex signal integration needed for T-cell activation (Fig. 1) (Weber et al. 
1998; Zhang et al. 1998a). Gene targeting of Lat in mice leads to a complete arrest 
early in T-cell development (DN3 stage) due to defect signaling downstream of the 
pre-TCR (Zhang et al. 1999b). Cell line defects in LAT display normal ζ-chain
phosphorylation and recruitment of Zap-70, but show defects in PLC-γ activation, 
calcium flux and activation of Ras and Erk (Finco et al. 1998; Zhang et al. 1999a). 
The signaling defects in these cell lines can be rescued by wild-type LAT, but not 
by a mutant with a disrupted CxxC motif, suggesting that lipid raft association is 
essential for normal function (Zhang et al. 1998b). The cytoplasmic part of LAT 
contains a total of nine tyrosine-based interaction motifs where the four distal sites 
(Y132LVV, Y171VNV, Y191VNV and Y226ENL) seem to be the primary targets for 
phosphorylation by Zap-70 or Syk and functionally most important. In agreement 
with this, mice with knock-in mutation in all four of these distal tyrosines 
( LATY-4F) have similar phenotype as the LAT−/− mice (Sommers et al. 2001). 
Tyrosine 132 binds specifically the SH2 domain of PLCγ, whereas the three distal 
tyrosines bind the SH2 domains of Grb2 or the Grb2-related adaptor protein GADS 
(Zhang et al. 2000). Binding of Grb2 leads to recruitment of the Ras guanine 
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exchange factor SOS, thereby contributing to the activation of the Ras-MAPK 
pathway. The SH2 domain of PLCγ is specifically recruited to Y132 and places the 
enzyme in close proximity of its substrate PtdIns(4,5)P2, leading to an increase in 
cytoplasmic calcium by IP3 and activation of both PKC isozymes and RasGRP by 
DAG. Results suggest that the recruitment of RasGRP by DAG is the preferred 
pathway for activation of Erk downstream of the TCR (Dower et al. 2000; Layer et 
al. 2003; Priatel et al. 2002). The activation of PLCγ is dependent on the GADS-
mediated recruitment of the multifunctional adaptor Slp-76 to LAT, since both 
LAT-deficient and Slp-76-deficient cells are unable to activate PLCγ (Finco et al. 
1998; Yablonski et al. 1998). Recruitment of GADS to LAT brings Slp-76 to the 
membrane, where it is phosphorylated by Zap-70 at critical tyrosine residues in the 
N-terminal region (Singer et al. 2004). This creates binding sites for the SH2 
domains of Vav, Nck and the Tec-kinase ITK. PLCγ is then phosphorylated by the 

Fig. 1 Integrated scaffolding by LAT and Slp-76 couples TCR to downstream mediators. 
Phosphorylation of LAT by Zap-70 after TCR activation leads to recruitment of Grb2-SOS and 
GADS-Slp76 to the three C-terminal YxN motifs. Grb2-SOS is involved in activating the Ras-Erk 
pathway, while recruitment of GADS brings Slp-76 to the membrane, where it is phosphorylated 
by Zap-70 at critical tyrosine residues. This creates binding sites for the SH2 domains of Vav, Nck 
and the Tec kinase ITK. Vav and Nck regulate cytoskeletal reorganization, while ITK phosphor-
ylates and activates PLC-γ. The SH2 domain of PLC-γ binds directly to phosphorylated Y132LVV 
in LAT, and after activation PLC-γ will hydrolyze PIP

2
 to generate IP3 and DAG. IP3 induces 

release of cytoplasmic Ca2+ and activation of NFAT through calcineurin. DAG activates PKC 
isoforms and RasGRP to regulate the activity of NF-κB and AP1. Together, this complex scaf-
folding connects the activated TCR complex to the transcriptional machinery regulation of the 
immune response
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recruited ITK and activated. Like LAT, Slp-76 can bind PLCγ, directly creating an 
interconnected signaling module of LAT, GADS, Slp-76, ITK and PLCγ that 
 controls the generation of the second messengers IP3 and DAG downstream of 
immunoreceptors (Koretzky et al. 2006). Additional regulation is introduced since both
PLCγ and ITK contain PH domains for binding to phosphatidylinositols in the 
 membrane (Schwartzberg et al. 2005). The Slp-76-Vav-Nck interactions are important
in regulating processes leading to reorganization of the actin cytoskeleton and 
generation of the immunological synapse (further discussed below).

The importance of the LAT-PLCγ interaction in immune homeostasis is 
 dramatically illustrated in knock-in mice where the PLCγ binding site is mutated to 
phenylalanine (Aguado et al. 2002; Sommers et al. 2002). T cells from these mice 
display similar defects in signaling, as seen in cell lines with the same mutation 
characterized by reduced phosphorylation of PLCγ and an inability to induce intra-
cellular calcium release after TCR stimulation. This results in a severe defect in 
T-cell development and supports the notion that the LAT-PLCγ interaction is 
 necessary for pre-TCR signaling. Surprisingly, these mice develop a polyclonal 
lymphoproliferative disease and autoimmunity involving constitutively active 
CD4+ cells in the periphery, a high amount of T-helper-2 (TH2) cytokines secreted 
and induced B-cell maturation. Interestingly, the activation of Erk was relatively 
normal in these mice, suggesting additional mechanisms for signal regulation of the 
Ras-Erk pathway. Another (and very likely) explanation for the drastic lymphopro-
liferative disease is the defect in the development of CD4+CD25+Foxp3+ regula-
tory T cells (Treg) seen in these mice (Koonpaew et al. 2006). Considering the 
essential role of Treg in immune tolerance (Sakaguchi et al. 2006a), the absence of 
these cells would clearly be problematic and contribute to the phenotype. A clear 
defect in immune development is also seen in knock-in mice where the three distal 
tyrosines in LAT are mutated (Nunez-Cruz et al. 2003). These LAT-Y3F mice also 
have an early developmental block, but retain a significant amount of γδT cells with 
an activated phenotype that produce large amounts of TH2 cytokines. Jointly, these 
models suggest that both binding of PLCγ and Grb2/GADS complexes to LAT 
contribute to the balancing of signals needed for correct development, while at the 
same time selecting T cells with an appropriate antigen repertoire. Signal  integration 
at the level of LAT can also involve proteins complexes with inhibitory functions. 
The adaptor protein Gab2 is recruited to LAT via its association with the SH3 
domain of Grb2 or GADS. Gab2 has a negative effect on TCR activation, probably 
by recruiting the protein tyrosine phosphatase (PTP) SHP-2 to LAT (Yamasaki 
et al. 2003). A recent report also describes the clustering of a Grb2-Dok-2-SHIP 
regulatory complex to LAT, which when disrupted by the use of siRNA increases 
proximal signaling and IL-2 production (Dong et al. 2006). These results fit well 
with results from Dok-1/Dok-2 double deficient mice describing enhanced TCR-
induced cytokine production and proliferation (Yasuda et al. 2007). Targeting of 
the 5′-phosphoinositol-phosphatase SHIP1 to LAT in the membrane will localize 
this phosphatase in the proximity of its lipid substrate and thereby enable modulation
of the recruitment and activation of PH-domain-containing signaling proteins. 
Together, these examples add to the complexity of signal integration at the level of 
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LAT and may indicate that the multiple Grb2-binding sites seen in some of the 
TRAPs will recruit functionally opposing protein complexes. Dissecting the 
 spatiotemporal control of such LAT scaffolding will be necessary to fully 
 understand the multitude of proximal signal integration downstream of ITAM-
 containing immunoreceptors. Furthermore, this information will also be relevant to 
the analysis of the complex phenotypes seen in different LAT mouse models.

Reversible palmitoylation through the opposing activity of acyltransferases and 
thioesterases is important in the functional regulation of several proteins (Resh 2006). 
In immune cell signaling, lipid modification, including palmitoylation, is central for 
correct membrane targeting of key signaling molecules, such as Src kinases and Ras. 
Although the significance of LAT targeting to lipid rafts is still controversial, it seems 
clear that the dual palmitoylation of LAT contributes to the correct tethering in the 
plasma membrane (Zhang et al. 1998b). In agreement with this, the dynamic regula-
tion of LAT palmitoylation has recently been suggested to be an important mechanism 
in inducing non-responsiveness in T cells and anergy (Hundt et al. 2006). Considering 
that T-cell anergy is not caused by a permanent failure in TCR-induced signaling 
pathways, but represents a temporal and  reversible defect in activation due to specific 
uncoupling of downstream signal pathways, a dynamic modulation of LAT function 
would provide an attractive model for anergy regulation.

Together this rather extensive analysis of the molecular mechanism associated 
with LAT-mediated scaffolding in T cells has revealed that site-specific recruitment 
and specific protein assembly are critical in fine-tuning proximal TCR signals.

1.1.2  NTAL and PAG: Transmembrane Adaptors 
with Regulatory Functions

In the absence of an appropriate activating stimulus, the TCR-signaling machinery 
needs to be kept in an inactive state. Regulation of signals controlling the initiation 
of lymphocyte activation is central in preventing the cell from launching an attack 
on normal cells. Equally important is the release from inhibition when activation is 
necessary. This also includes mechanisms that are able to terminate an immune 
response after successful clearance of the pathogen. It is now evident that dynamic 
scaffolding of inhibitory complexes at the plasma membrane is functionally impor-
tant for immune homeostasis. Adaptor molecules that negatively regulate T-cell 
activation include NTAL, PAG, SIT and LAX, in addition to cytoplasmatic 
 adaptors such as Cbl (casitas B-lineage lymphoma) and SAP (SLAM-associated 
protein) (Horejsi et al. 2004; Latour and Veillette 2004; Mueller 2004). The scaf-
folding mediated by the two TRAPs NTAL and PAG plays different roles in 
immune control. NTAL is expressed in B cells, mast cells and NK cells, but not in 
naïve T cells. Five of the eight tyrosine phosphorylation motifs in the cytoplasmatic 
region are YxN motifs that become tyrosine phosphorylated after BCR or Fc-receptor 
stimulation and associate with Grb2, Gab1 and Cbl (Brdicka et al. 2002; Janssen 
et al. 2003). Due to its lack of expression in naïve T cells and its similarity with 
LAT, NTAL was originally thought to be a LAT-like linker downstream of the B 
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cell receptor. However, deletion of the gene encoding NTAL (LAB in mouse) did 
not significantly affect B-cell development or BCR-mediated signaling (Wang et 
al. 2005; Zhu et al. 2004). Although a recent report suggests a regulatory role in the 
internalization of BCR (Mutch et al. 2007), the significance of NTAL in B cell 
function remains unclear. Interestingly, NTAL can partly rescue the phenotype of 
LAT-deficient cells and the development of peripheral T cells in LAT −/− mice. 
However, NTAL does not bind PLC-γ or recruit Slp proteins, and transgenic mice 
expressing NTAL on a LAT-deficient background develop a severe lymphoprolif-
erative syndrome almost identical to the LATY136F mice (Janssen et al. 2004; 
Koonpaew et al. 2004). So far, these results suggest that the Grb2-binding sites in 
NTAL can compensate for the loss of LAT except for the critical recruitment and 
activation of PLCγ. An important development in the understanding of NTAL in 
immune cells was reported recently (Zhu et al. 2006). It turns out that the expres-
sion of NTAL is upregulated during T-cell activation and that aged mice 
(>6 months) deficient in NTAL develop an autoimmune syndrome characterized by 
enlarged spleens and production of autoantibodies. T cells from these mice are 
hyperactive, and TCR stimulation results in increased phosphorylation of LAT, 
PLCγ, Erk and Akt. In comparison, T cells from NTAL transgenic mice display 
reduced activation of the same molecules, further supporting a negative effect on 
T-cell activation. Interestingly, the data suggest that there is a functional connection 
between NTAL and LAT, since the targeting of LAT to lipid rafts is somehow 
related to NTAL expression. In the absence of NTAL, more LAT was distributed 
to rafts leading to increased LAT phosphorylation and calcium mobilization, 
whereas overexpression of NTAL had the opposite effect. Together these data sup-
port a model where NTAL deficiency leads to enhanced TCR signaling in the 
periphery and gradual accumulation of autoreactive T cells that result in the devel-
opment of an autoimmune syndrome. Thus, upregulation of NTAL after TCR acti-
vation provides a negative feedback loop important for T-cell homeostasis.

The cloning and initial characterization of PAG led to some interesting models 
of proximal control of TCR signaling. Cbp/PAG is ubiquitously expressed and was 
originally observed as an 80-kDa phosphoprotein present in lipid rafts and as a 
component of a Fyn-associated complex in T cells (Brdicka et al. 2000; Kawabuchi 
et al. 2000; Marie-Cardine et al. 1999). Like other TRAPs, it is a type-III trans-
membrane protein with a short extracellular domain, a transmembrane region fol-
lowed by a palmitoylation motif and a cytoplasmatic part containing multiple sites 
for tyrosine phosphorylation. These sites serve as substrates for the Src kinase Fyn 
as Cbp/PAG phosphorylation in Fyn −/− cells is almost absent (Yasuda et al. 
2002). Analyzed in vitro, PAG phosphorylation creates binding sites for the SH2 
domains of several signaling molecules, but in vivo only the C-terminal Src kinase 
(Csk) and Fyn itself are reproducibly found to interact with PAG (Brdicka et al. 
2000; Kawabuchi et al. 2000). Csk plays an important role in negative regulation 
of Src kinases by phosphorylation of a C-terminal inhibitory tyrosine residue that 
induces an intramolecular interaction between this site and the SH2 domain 
(Bergman et al. 1992; Chow et al. 1993; Okada et al. 1991). Since Src kinases are 
membrane targeted, this attenuation requires the membrane recruitment of the 
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cytosolic Csk. In agreement with this, constitutive targeting of Csk to the plasma 
membrane leads to almost complete block of TCR signaling (Cloutier et al. 
1995). The inhibitory action by Csk is counteracted by the tyrosine phosphatase 
CD45 through dephosphorylation of the C-terminal site (for review, see Thomas 
and Brown, 1999; Veillette et al. 2002). Site-directed mutagenesis of Cbp/PAG 
identified Tyr317 (Tyr314 in mouse) in an YSSV motif as the site for Csk binding 
(Brdicka et al. 2000; Kawabuchi et al. 2000; Thomas and Brown 1999). In a naïve 
T cell, PAG is kept in a hyperphosphorylated state, probably due to its association 
with Fyn, and thereby constitutively targets Csk to lipid rafts. Interestingly, the 
binding to Cbp/PAG significantly increases Csk activity that can be further modu-
lated by PKA-mediated phosphorylation of Csk (Vang et al. 2003). This could 
provide a system for tonic inhibition of Src kinases that is localized in proximity 
to the Cbp/PAG-associated Csk. Upon TCR stimulation, PAG is rapidly dephos-
phorylated by a mechanism that appears to involve CD45 activity, and Csk is 
subsequently removed from lipid rafts (Brdicka et al. 2000; Davidson et al. 2003; 
Torgersen et al. 2001). This dissociation of Csk results in less negative control of 
Src kinases, allows for phosphorylation of specific substrates including ITAM 
sequences and is a necessary permissive event to allow T-cell activation to 
proceed.

The physiological significance of Csk targeting to Cbp/PAG has been seriously 
questioned by two independent reports describing the absence of any clear pheno-
type in Cbp/PAG deficient mice (Dobenecker et al. 2005; Xu et al. 2005). 
Specifically, embryogenesis, T-cell development and T-cell functions appeared 
normal in the absence of Cbp/PAG. Taken together with the severe phenotype of 
Csk-deficient mice (Imamoto and Soriano 1993; Nada et al. 1993), this information 
clearly suggests that Cbp/PAG is not the only anchoring molecule for Csk and that 
some redundancy must exist. In fact, several Csk-binding adaptor proteins have 
been described including Dok-related adaptors, paxillin, LIME and SIT, arguing 
for coordinated action of several scaffolding proteins in the regulation of Csk 
(Lemay et al. 2000; Pfrepper et al. 2001; Sabe et al. 1994). Together this opens for 
a model where Csk targeting by distinct adaptors couple Csk modulation onto spe-
cific pathways on an individual basis and provide control modules for the Src 
kinases involved.

The non-covalent association of Fyn to Cbp/PAG has not been fully character-
ized. Dephosphorylation of Cbp/PAG after TCR stimulation of normal human 
T cells was originally reported not to affect the binding of Fyn to Cbp/PAG, sug-
gesting a phosphotyrosine-independent association. However, recent results from 
mice demonstrate a similar release of Fyn from Cbp/PAG after TCR crosslinking 
as with Csk (Davidson et al. 2007). In fact, it is suggested that the release of Fyn 
precedes the dephosphorylation of Tyr314 and release of Csk. The reason for this 
discrepancy is unknown, but could potentially be influenced by Fyn SH3 domain 
binding to PAG (see below). This study also includes the analyses of Cbp/PAG 
transgenic mice arguing for a distinct role of Cbp/PAG-associated Fyn in the regu-
lation of T-cell anergy, implying that Fyn can regulate other processes than Csk 
recruitment when associated with Cbp/PAG. Whether Cbp/PAG truly provides 
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independent regulation of Fyn or Csk remains to be clarified, but studies like this 
might provide insight into the functional role of scaffolding to Cbp/PAG.

Structurally Cbp/PAG also has certain unique features like two proline-rich 
regions and a PDZ-domain binding motif in its C-terminus. We recently 
 identified the first proline-rich region as a ligand for the SH3 domain of Fyn, 
suggesting that Fyn interacts with PAG through both the SH3 and SH2 domains 
(Solheim et al. 2008). This provides an example of coordinated, dual domain 
docking of Fyn as seen in certain other cases (Arold et al. 2001; Nakamoto et al. 
1996). Furthermore, it opens for the possibility that Fyn associated with PAG is 
insensitive to Csk-mediated phosphorylation at the regulatory Y528 site, since 
the SH2 domain already is engaged and unable to form a closed conformation. 
The possible transient release of Fyn after T-cell activation described above sug-
gests that the SH2 domain is most important in binding. However, it appears that 
the engagement of the SH3 domain is more significant in regulation of Fyn 
kinase activity. This would be in agreement with the general model of Src regu-
lation where engagement of the SH3 domain causes a structural change that 
releases Fyn from an inhibitory intramolecular interaction between the SH3 
domain and the SH2-kinase linker region (for review, see Hubbard and Till 
2000; Sicheri and Kuriyan 1997).

The C-terminal VTRL sequence of PAG interacts with the PDZ-domain of the 
cytoplasmic adaptor EBP-50 [ezrin, radixin, moesin (ERM)-binding protein 50], 
which in turn can bind to ERM proteins and connect this protein complex to the 
actin cytoskeleton (Brdickova et al. 2001; Itoh et al. 2002). This opens the possibil-
ity that PAG is involved in the rearrangement of the cellular framework influencing 
formation of the immunological synapse. In this context it is interesting to note that 
reduction of PAG expression by siRNA seems to influence Src kinase activity 
related to cell adhesion and to spread in a similar way as in Csk-deficient cells 
(Shima et al. 2003).

1.2  Slp-76 and Vav: Important Integrators of Complex Cellular 
Responses

An integrating role of Slp-76 in the specific assembly of signaling molecules down-
stream of the TCR is demonstrated in mice deficient in Slp-76 (Clements et al. 
1998; Pivniouk et al. 1998). These mice have a block in T-cell development at the same
stage as LAT-deficient mice, where signaling through the pre-TCR is necessary for 
thymic selection. However, due to the expression of Slp-76 in most hematopoietic 
cells, Slp-76 deficient mice have a complex phenotype with signaling defects down-
stream of different receptors on mast cells, platelets and neutrophils described in 
addition to T-cell defects. Importantly, Slp-76 seems to have a pivotal role in medi-
ating signals downstream of integrin receptors on these cells. Furthermore, Slp-76-
deficient mice have a vascular phenotype probably due to the failure to separate the 
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blood and lymphatic vascular networks during development (Abtahian et al. 2003). 
This chimeric vessel system results in a bleeding phenotype where blood enters the 
lymphatic system. The molecular mechanism behind this severe phenotype remains 
to be identified. A detailed description of the different phenotypes in Slp-76-defi-
cient mice can be found elsewhere (Koretzky et al. 2006). Thus, there is an essential 
interplay between LAT and Slp-76 that sets the stage for immune activation down-
stream of the TCR. Classical structure-function studies in Slp-76-deficient Jurkat 
cells have clarified the functional significance of the domain-specific interactions 
in this scaffolding process (reviewed in Koretzky et al. 2006). Slp-76 consists of an 
N-terminal domain with three tyrosine phosphorylation motifs, a central proline-
rich region and a C-terminal SH2 domain. The central region provides binding sites 
for PLCγ and the SH3 domains of GADS. Interestingly, GADS binds constitutively 
to Slp-76 through a RxxK motif (class-III binding motif), and this interaction is 
essential for translocation and membrane targeting of Slp-76 to LAT after TCR 
activation (Liu et al. 2003). Specific disruption of the GADS-Slp-76 interaction by 
mutation or peptide competition has a negative effect on TCR signaling. The N-
terminal part of Slp-76 contains functionally important tyrosine motifs that mediate 
the interaction with the SH2 domains of Vav (Y112 and Y128) (Raab et al. 1997; 
Tuosto et al. 1996; Wu et al. 1996), NCK (Y128) (Bubeck et al. 1998; Wunderlich 
et al. 1999) and ITK(Y145) (Su et al. 1999). Both in vivo and in vitro data support 
an essential role of these N-terminal sites in Slp-76-mediated scaffolding (Fang 
et al. 1996). For complete T-cell activation, all three sites need to be phosphorylated 
and to recruit their specific partners, suggesting that the molecules attaching to 
these sites play important roles in signal integration during T-cell activation.
Tyrosine 145 is phosphorylated by Lck and Zap-70 after recruitment to LAT and 
creates a binding site for Itk. This Tec kinase can then phosphorylate and activate 
PLCγ associated either with Slp-76 itself (Yablonski et al. 2001) or LAT. In addi-
tion, Vav seems to play a part in this complex by regulating the function of Itk. 
Combined scaffolding by LAT and Slp-76 thereby creates multiple interactions 
relevant for the fine-tuning of signals leading to the generation of Ca2+ and DAG 
(Fig. 2). This cooperative binding system might have significance in increasing 
specificity and structural stability at a critical point in the T-cell activation process. 
Together, these events set the stage for the initial responses and further direct the 
activation process through the generation of the immunological synapse and relevant 
immune responses.

As indicated above, Vav is an important effector in the scaffolding of immune 
receptor signaling and has been demonstrated to mediate a critical function during 
T-cell development and activation (Tybulewicz 2005). Vav proteins are guanine-
exchange factors (GEFs) for the Rho/Rac family of small GTPases and exist in 
three functionally distinct forms (Vav 1–3) that have identical domain structure 
(reviewed in Turner and Billadeau 2002). The N-terminal part contains a calponin-
homology (CH) domain that is followed by an acidic stretch containing tyrosines 
involved in autoinhibition of its GEF activity. This is followed by the DBL-
 homology domain responsible for the interaction with the GTPases and GEF 
 activity. Next follows a PH domain, a zinc-finger domain contributing to the GEF 
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activity, a proline-rich region that binds the SH3 domain of Grb2 and two SH3 
domains separated by a SH2 domain. Structural studies using NMR revealed that 
an intramolecular regulation mechanism exists where the acidic region around 
 tyrosine 174 associates with the DH domain and inhibits GEF activity. Upon phos-
phorylation of tyrosine 174, this closed structure opens, giving the DH domain 
access to binding. The complexity of its domain structure suggests that Vav can act 
through a multitude of mechanisms. The GEF activity of Vav1 is important for 
T-cell development as Vav1-deficient mice have a partial block in thymic develop-
ment at the CD4-/CD8-double-negative stage that is dependent on its GEF activity 
towards Rac-family members of small GTPases (Gomez et al. 2001; Turner et al. 
1997). Interestingly, T-cell development in Vav2- and Vav3-deficient mice is 
 normal, supporting a specific role of each member (Doody et al. 2000; Fujikawa 
et al. 2003). TCR signaling in Vav1-deficient T cells has partial defects in MAPK 
activation, intracellular Ca2+ release and NF-κB activation, while T cells deficient 
in all three members have a complete block in these signaling pathways (Costello 
et al. 1999; Fujikawa et al. 2003). Hence, it seems that there is some degree of 
functional redundancy between Vav isoforms in addition to their individual 
functions.

The ability of Vav to activate GTPases and the subsequent accumulation of 
F-actin is essential in the formation of a defined and organized contact zone 
between the immune cell and the antigen presenting cell (APC) called the immu-
nological synapse (Tybulewicz 2005). While the complex integration of signals 
described above is a prerequisite for the formation of the synapse, this defined 
 junction is the structural basis for the sustained signaling needed for a functional 
immune response (Billadeau et al. 2007). In general, T-cell activation through an 
immunological synapse can be divided into several steps that include polariza-
tion, adhesion to target, engagement of the TCR, generation of the immunologi-
cal  synapse and finally contact termination (Dustin 2005). After the initial contact 
between the T cell and the APC, a characteristic pattern forms with a central area 
of adhesion molecules surrounded by a ring of TCR-MHC complexes. The 
intriguing part is that over a period of minutes this pattern is inverted, resulting in 
a central cluster of TCR-MHC surrounded by a ring of adhesion molecules. This 
represents the mature synapse and is defined by so-called central and peripheral 
supramolecular activation clusters (c-SMAC and p-SMAC). Interestingly, activa-
tion of Rac by Vav can also mediate signals leading to the dephosphorylation and 
inactivation of ERM proteins and detachment, resulting in a less rigid cell struc-
ture that will be more dynamic and facilitate formation of T cell-APC interfaces 
(Faure et al. 2004). Furthermore, after detachment ERM proteins will redistribute 
away from the active contact zone and become part of a distal pole complex. The 
functional significance of this is uncertain, but considering the ability of ERM 
proteins to bind different proteins, it is tempting to speculate that it promotes 
specific scaffolding of a functionally important complex. Together this dynamic 
modulation of the cellular framework allows the redistribution of cellular compo-
nents and formation of cellular polarization that is essential for immune cell 
functions.
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1.3 Integration of TCR Signaling by PI3K Signaling

As indicated above, phosphatidylinositols contribute to the proximal signal integra-
tion downstream of the T-cell receptor. Two different signaling pathways originate 
from PtdIns(4,5)P

2
. Hydrolysis of PtdIns(4,5)P

2
 by activated PLCγ tethered to the 

LAT/Slp-76 complex yields Ins(1,4,5)P
3
 and DAG, which both act as signaling 

molecules. Binding of Ins(1,4,5)P
3
 to specific intracellular receptors leads to the 

release of Ca2+ from intracellular stores and subsequent opening of calcium 
 channels in the plasma membrane. Calcium contributes to the activation of several 
proteins, including calcineurin that dephosphorylates NFAT transcription factors 
enabling nuclear translocation and transcriptional activity. DAG activates  Ras-
GRP (which is also Ca2+ dependent) and isoforms of PKC that contributes to the 
activation of the Ras-Erk-Ap1 and NF-κB pathways, respectively. The complex 
scaffolding involved in the regulation of NF-κB will be discussed below. In T cells, 
PtdIns(4,5)P

2
 can also act as a substrate for class IA of phosphoinositide 3-kinases 

(PI3Ks) that are activated upon T-cell stimulation (Okkenhaug and Vanhaesebroeck, 
2003). Class IA PI3Ks are heterodimers of a p85 regulatory subunit isoform and a 
p110 catalytic isoform. PI3Ks phosphorylate PtdIns(4,5)P

2
 at the 3′ position of the 

inositol ring, generating PtdIns(3,4,5)P
3
 at the plasma membrane. Interestingly, 

PtdIns(3,4,5)P
3
 is generated very early after TCR triggering, indicating a direct link 

between PI3K activation and early signaling events (Costello et al. 2002; Harriague 
and Bismuth 2002; Ward et al. 1993). Exactly how PI3Ks are linked to the antigen 
receptor is still not resolved, but it probably involves the coordinated recruitment 
and binding of the SH2 domain of the p85 regulatory subunit of PI3K to canonical 
YxxM motifs located in different adaptor proteins (Bruyns et al. 1998; Ward and 
Cantrell 2001). The CD28 receptor also contains this motif, and the binding of 
PI3K is thought to be part of the essential co-stimulation signal that leads to 
increased IL-2 production, proliferation and prevention of anergy (Sharpe and 
Freeman 2002). However, although mice carrying a mutation in the CD28 YxxM 
motif failed to bind PI3K, it did not affect the ability of CD28 to transmit the 
co-stimulatory signal, suggesting that PI3K bound to CD28 is involved in a different
signaling pathway (Burr et al. 2001; Harada et al. 2001; Okkenhaug et al. 2001). 
In agreement with this, results indicate that activation of PI3K through CD28 is 
important in promoting cell survival through PKB and upregulation of BCL-X1 
(Boise et al. 1995; Dahl et al. 2000; Jones et al. 2000) in addition to the β-arrestin-
mediated recruitment of phosphodiesterases (PDEs) regulating the levels of cAMP 
(Abrahamsen et al. 2004).

The rapid accumulaton of PtdIns(3,4,5)P
3
 in the membrane induces immediate 

translocation of proteins that contain PH domains with preference for this phosph-
oinositide (Rameh and Cantley 1999). These include the protein kinases PKB/Akt, 
Tec family members like Itk and the 3′-phosphoinositide-dependent kinase-1 
(Pdk1) in addition to different adaptors like Vav and Gab2. As described above, Itk 
and Vav are involved in the assembly of the multimeric LAT/Slp-76 scaffolding 
complex, supporting the notion that PI3K signaling is integrated with the early 
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tyrosine phosphorylation events. The membrane recruitment of the PH-domain 
containing Ser/Thr kinase PDK-1 as a result of PtdIns(3,4,5)P

3
 generation is a key 

regulatory step in the activation of downstream cascades. As described later, PDK-
1-mediated phosphorylation of PKCθ probably is central in the TCR-mediated 
activation of NF-κB through the CARMA1 scaffolding complex. In addition, PDK-
1 plays an important role in regulating T-cell activation and survival through phos-
phorylation of Akt/PKB, which plays an important role in transmitting signals. 
Once recruited, Akt/PKB undergoes a conformational change and is phosphor-
ylated by PDK-1 on two key residues. Activated Akt/PKB then regulates a number 
of substrates containing the recognition sequence RXRXXS/T. A full description 
of all Akt/PKB substrates is beyond the scope of this review and can be found 
elsewhere (Vanhaesebroeck and Alessi 2000). However, among the functionally 
important targets of Akt/PKB in T cells are GSK3 and members of the FOXO 
(forkhead box class O) family of forkhead box transcription factors, particulary 
FOXO3a (Brunet et al. 1999). In a resting cell, FOXO3a is transcriptionally active 
in the nucleus where it contributes to the suppression of NF-κB activation. Upon 
T-cell activation, FOXO3a is phosphorylated by Akt/PKB at three sites that induce 
binding to 14-3-3 proteins and sequestration in the nucleus (Brownawell et al. 
2001; Brunet et al. 2001; Plas and Thompson 2003). This functional inactivation of 
FOXO3a opens for NF-κB activation and transcription of genes involved in the 
immune response. The functional significance of this was illustrated in mice defi-
cient in FOXO3a that develop a spontaneous, multisystemic inflammatory syn-
drome due to increased NF-κB activation and hyperactivation of CD4+ cells (Lin 
et al. 2004). Combined with the complex scaffolding in the regulation of NF-κB
described below, it is evident that cells need multiple-level control of this key 
mediator.

2 Modulation of Proximal Signaling Events by cAMP

The cyclic AMP (cAMP)-protein kinase A (PKA) pathway is strongly involved in 
the regulation and modulation of immune responses and is the most potent and 
acute inhibitor of activation of lymphocytes. The mechanisms of cAMP-mediated 
immunomodulation are discussed in more detail below.

2.1 cAMP Modulates Immune Functions

cAMP, generated by G-protein-mediated activation of adenylyl cyclase (AC), 
is a versatile second messenger controlling a variety of cellular processes and 
is known to inhibit TCR-induced T-cell proliferation (Kammer 1988). cAMP 
activates PKA (reviewed in Tasken and Aandahl 2004), Epac (exchange 
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 protein directly activated by cAMP; de Rooij et al. 1998) and cAMP-regu-
lated ion channels (Kaupp and Seifert 2002). Effects mediated by cAMP in T 
cells are, however, most likely elicited by PKA, being the dominant effector 
in T cells. The mechanism for inactivation of cAMP involves degradation by 
cAMP-specific phosphodiesterases (PDEs) (Conti and Jin, 1999; Houslay and 
Adams 2003). Compartmentalization of receptors, ACs and PKA by A-
kinase-anchoring proteins (AKAPs) (Michel and Scott 2002) as well as gen-
eration of local pools of cAMP within the cell by the action of PDEs (Zaccolo 
and Pozzan 2002) generates a high degree of specificity in PKA-mediated 
signaling despite the broad substrate specificity of PKA. AKAPs contribute 
specificity by targeting PKA towards specific substrates as well as versatility 
by assembling multi-protein signal complexes allowing for signal termination 
by phosphoprotein phosphatases and crosstalk between different signaling 
pathways (Michel and Scott 2002; Tasken and Aandahl 2004). Integrating 
PDEs into these anchoring complexes adds a further temporal aspect to the 
spatial regulation of cAMP signals (reviewed in Baillie et al. 2005; Smith and 
Scott 2002).

In the immune system, prostaglandin E
2
 (PGE

2
) and other ligands elevating 

cAMP by binding to G-protein-coupled receptors inhibit TCR-induced T-cell 
 activation and thereby exert important immunoregulatory functions (Kammer 
1988). Based on studies with selective agonists, activation of PKA type I (RIα

2
C

2
)

has been shown to be necessary and sufficient for mediating these effects of cAMP 
(Skalhegg et al. 1992). Similarly, PKA type I negatively regulates activation of B 
cells through the B-cell antigen receptor (Levy et al. 1996) and NK cell cytotoxicity 
elicited through specific NK cell receptors (Torgersen et al. 1997). Although PKA 
can modulate TCR signaling at multiple levels (reviewed in Torgersen et al. 2002), 
the observed inhibitory effects of cAMP on TCR-induced ζ-chain phosphorylation 
point towards an important role for Csk, which is the most up-stream PKA target 
reported so far.

2.2  A cAMP–PKA–Csk Inhibitory Pathway in Lipid Rafts 
Regulates T-Cell Immune Function

Proteins involved in proximal TCR signaling events are localized in lipid rafts, 
representing small regions of detergent-resistant lipid domains of the membrane 
(Montixi et al. 1998; Xavier et al. 1998). Both the cAMP-generating machinery 
(adenylyl cyclase) and the effectors (PKA type I and Csk) are localized in lipid 
rafts. Analyses of lipid raft purifications from normal resting T cells for the 
 presence of different subunits of PKA revealed that both the catalytic subunit and 
the regulatory subunit RIα (but not RII subunits) are constitutively associated with 
the lipid rafts (Vang et al. 2001). This suggests that the observed co-localization of 
PKA type I and TCR in capped T cells (Skalhegg et al. 1994) occurs in lipid rafts 



342 K.M. Torgersen et al.

and that there are mechanisms for specific targeting of PKA type I to these areas 
involving interaction with an AKAP in lipid rafts, which we recently identified 
as ezrin (Ruppelt et al. 2007).

Csk is constitutively localized to lipid rafts in resting T cells, but is transiently 
displaced to the cytosol during T-cell activation (Torgersen et al. 2001) in order to 
allow the activation cascade to proceed. The phosphatase responsible for the dephos-
phorylation of Cbp/PAG and the release of Csk was recently identified as CD45 
(Davidson et al. 2003). Fyn-mediated phosphorylation of Cbp/PAG (Brdicka et al. 
2000; Kawabuchi et al. 2000) leads to re-recruitment of Csk and re-establishment of 
the inhibitory pathway.

Csk regulates Lck activity by phosphorylation of a C-terminal inhibitory 
 tyrosine residue (Lck-Y505). So far, two different mechanisms are reported to 
 regulate Csk activity. PKA type I, through phosphorylation of Ser-364, increases 
Csk kinase activity two- to four-fold, leading to reduced Lck activity and TCR 
ζ-chain phosphorylation, which inhibits T-cell activation (Fig. 2). The other 
mechanism involves the adaptor molecule Cbp/PAG. Csk is recruited to lipid 
rafts and the site of action by binding to Y314/Y317-phosphorylated (rat/human) 
Cbp/PAG through its SH2 domain (Brdicka et al. 2000; Kawabuchi et al. 2000), 
and the interaction between Csk-SH2 and Cbp/PAG increases Csk activity 

Fig. 2 Modulation of proximal TCR signaling by cAMP and PKA. Generation of local pools of 
cAMP through G protein-coupled receptors and adenylyl cyclase activity is able to attenuate 
proximal TCR signaling by activating a PKA-Csk-Lck inhibitory pathway. Ezrin acts as an AKAP 
and targets PKA type I to lipid rafts where it can phosphorylate and activate Csk. PKA-mediated 
phosphorylation and targeting to the transmembrane adaptor Cbp/PAG both contribute to 
increased Csk activity and thereby increased tonic inhibition of Src kinases such as Lck. 
Engagement of the T-cell receptor leads to dephosphorylation of Cbp/PAG, dissociation of Csk 
from lipid rafts and increased Lck activity
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(Takeuchi et al. 2000). Addition of either recombinant Cbp/PAG or phos-
phopeptides  corresponding to the Csk-SH2 binding site in Cbp/PAG signifi-
cantly increased Csk kinase activity towards a Src substrate in vitro. Lastly, the 
PKA phosphorylation of Csk and its interaction with Cbp/PAG act together in 
turning on Csk  activity in a time- and space-regulated fashion (Vang et al. 
2003), providing a powerful mechanism for terminating activation through 
receptors eliciting Src kinase signaling (Fig. 2).

Immunofluorescense and immunoprecipitation studies of ezrin in normal T 
cells revealed colocalization with PKA RIα and unveiled a complex including 
Csk and Cbp/PAG interacting as well as the ezrin-Cbp/PAG linker EBP50 
(Ruppelt et al. 2007). Together this demonstrates formation of a lipid  raft-
 associated complex where ezrin brings PKA type I in the proximity of its down-
stream substrate Csk by forming a supramolecular signaling complex consisting 
of PKA type I, ezrin, EBP50, Cbp/PAG and Csk. Ezrin is bound via CD43, 
CD44 or ICAMs to the plasma membrane (Heiska et al. 1998; Tsukita et al. 
1994; Yonemura et al. 1998) and via its C-terminus to the actin cytoskeleton 
(Algrain et al. 1993), and EBP50 links ezrin to Cbp/PAG (Itoh et al. 2002). 
Thus, ezrin positions PKA type I in proximity of its substrate Csk, which is 
bound to Cbp/PAG (Fig. 2), leading to PKA phosphorylation of the pool of Csk 
anchored to Cbp/PAG (Vang et al. 2001, 2003). This, together with the obser-
vations that downstream effector functions modulated by the PKA-Csk path-
way are released from cAMP inhibition by knockdown of ezrin, argues that the 
PKA regulation of Csk is discretely coordinated and spatiotemporally restricted 
to this supramolecular complex (Ruppelt et al. 2007).

2.3  cAMP Levels Are Increased in Lipid Rafts 
upon TCR Stimulation

It has previously been demonstrated that stimulation of the TCR results in ele-
vated cAMP levels in the cell (Ledbetter et al. 1986). However, since increased 
cAMP concentrations inhibit T-cell function and proliferation (Aandahl et al. 
2002; Skalhegg et al. 1992), it is important that TCR-mediated cAMP produc-
tion is tightly regulated. The significance of activation-induced cAMP pro-
duction has been poorly understood to date, as has the location in the cell where 
cAMP is  generated. However, we were recently able to show that upon engage-
ment of the TCR in primary T cells, cAMP was rapidly produced in lipid rafts, 
resulting in  raft-associated PKA activation (Abrahamsen et al. 2003). The G 
proteins G

i
, G

s
 and AC have been reported to segregate into lipid rafts (Oh and 

Schnitzer 2001), and our data indicate that recruitment to lipid rafts of the 
stimulatory G protein G

s
 and  dissociation of the inhibitory G protein G

i
 play an 

important role for the cAMP production that occurs upon TCR activation. A 
local increase in cAMP is therefore generated in T-cell lipid rafts upon activa-
tion. In contrast, T cells activated by TCR and CD28 cross-ligation revealed 
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decreased cAMP levels compared to control cells, and an increase in cAMP 
levels was only observed in the presence of the non-selective PDE inhibitor 
IBMX. Furthermore, phosphorylation of PKA  substrates in lipid rafts was less 
abundant when cells were only activated through the TCR compared to con-
comitant TCR and CD28 stimulation. We therefore hypothesized that TCR-
induced cAMP production must be accompanied by cAMP degradation by 
PDEs to allow full T-cell activation to proceed.

2.4  PDE4 Is Recruited to Lipid Rafts upon TCR 
and CD28 Co-Stimulation

We observed PDE4 activity in lipid rafts upon T-cell activation. In particular, TCR 
and CD28 co-stimulation resulted in profound raft-associated increase in PDE4 
activity (Abrahamsen et al. 2004). This specific increase in PDE4 activity in lipid 
raft fractions upon TCR and CD28 engagement indicates that temporal changes in 
PDE4 activity can play a key role in tuning intracellular activation-induced 
 gradients of cAMP in T-cell lipid rafts and thereby increase signal propagation 
upon co-stimulation. The mechanisms by which PDE4 isoforms are recruited to 
specific locations upon T-cell activation are now being unraveled (Abrahamsen 
et al. 2004; Arp et al. 2003). We have demonstrated that PDE4A4, 4B2 and 4D1/2 
are recruited to lipid rafts upon TCR and CD28 co-stimulation in human peripheral 
T cells (Abrahamsen et al. 2004). Members of the PDE4 family have previously 
been described to associate with the scaffolding protein β-arrestin, and β-arrestin
has been shown to be responsible for bringing PDE4 to the plasma membrane of 
HEK293 cells and to the activated G-protein-coupled receptor (GPCR) where 
cAMP production is taking place (Perry et al. 2002). Intriguingly, we found that 
both TCR and CD28 co-stimulation and CD28 stimulation alone caused a clear 
recruitment of β-arrestin to T-cell lipid raft fractions concurrently with PDE4. In 
addition, immunoprecipitation from both unstimulated and co-stimulated cells 
revealed that β-arrestin and PDE4 pre-exist in a complex prior to stimulation, 
 indicating that they are recruited to rafts together (Abrahamsen et al. 2004).

2.5  Control of cAMP Levels Is Implicated in Normal 
and Diseased T-Cell Function

PKA is activated upon TCR-induced cAMP production in lipid rafts and inhibits 
proximal T-cell signaling. However, overexpression of PDE4 isoforms or 
β- arrestin has been demonstrated to increase T-cell activation, revealing regulatory 
roles for both proteins in T-cell signaling (Abrahamsen et al. 2004). Other regula-
tory roles for β-arrestin in T cells have also been described. For example, β-arrestin
plays a positive regulatory role in chemotaxis (Fong et al. 2002) and in migration 
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into the airways during asthma (Walker et al. 2003). The activities of both PKA 
and PDE4 therefore seem to be important for regulation of TCR-induced signaling 
and T-cell function. We propose a novel role for TCR and CD28 co-stimulation in 
down-modulation of TCR-induced cAMP-mediated inhibitory signals through the 
 recruitment of β-arrestin and PDE4 to lipid rafts and thus allowing a full T-cell 
response to occur. Interestingly, the cAMP inhibitory pathway has also been 
shown to be implicated in several immune diseases. T cells from HIV-infected 
patients have elevated levels of cAMP and hyperactivation of PKA. Targeting of the
cAMP-PKA type-I pathway by selective antagonists reverses T-cell dysfunction in 
HIV T cells ex vivo (Aandahl et al. 1998, 1999), and targeting cyclooxygenase 2 
to reduce PGE

2
 production lowers cAMP and increases T-cell function in vivo 

(Johansson et al. 2004; Kvale et al. 2006). A similar mechanism contributes to 
the T-cell dysfunction in a subset of patients with common variable immunode-
ficiency (Aukrust et al. 1999) and to the severe T-cell anergy in a murine 
immunodeficiency model termed MAIDS (mouse AIDS) (Rahmouni et al. 
2004, 2001).

3 Protein Assembly Linking TCR to NF-kB Activation

Transcription of immune regulatory genes involves the coordinated action of  several 
transcription factors, including NFAT, NF-κB, AP1 and members of the forkhead 
box family (Coffer and Burgering 2004; Kuo and Leiden 1999). It is therefore 
 relevant to examine how receptor proximal events are linked to these mediators and 
how specificity in the regulation of the different transcription factors is maintained. 
There is accumulating evidence demonstrating that fine-tuning of signals at this 
level in the signaling cascade is as complex as the fine-tuning of signals proximal to 
the immune receptors and that scaffolding proteins again are essential for signal 
integration to occur. This is well illustrated by the molecular mechanisms connect-
ing the T-cell receptor to NF-κB activation (Fig. 3) (Bonizzi and Karin 2004). 
Engagement of the TCR results in the nuclear translocation and activation of NF-κB,
which  regulates various aspects of lymphocyte development, homeostasis, survival 
and functions. Dysregulation of NF-κB is associated with cancer, chronic inflamma-
tion and autoimmunity, and it is hence of great interest to identify the molecular 
mechanisms that both connect  proximal immune-receptor signaling to NF-κB and 
that regulate the activity of this transcription factor (Karin and Greten 2005). NF-κB
represents a group of structurally related and evolutionary conserved proteins that 
contains Rel homology DNA-binding domains (RHD) and forms various homo- or 
heterodimers (Ghosh and Karin 2002). In resting cells, NF-κB is sequestrered in the 
cytosol by a family of inhibitory proteins called IκB that binds to NF-κB through 
their ankyrin repeats and masks a nuclear localization signal in the RHD of NF-κB.
Stimulation of T cells by CD3-CD28 crosslinking initiates signaling cascades lead-
ing to activation of IκB kinase (IKK) and phosphorylation of regulatory serine resi-
dues in IκB. This targets IκB for ubiquitination and degradation by the proteasome 
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complex, leading to release of NF-κB and unmasking of the nuclear localization 
signal. NF-κB will then translocate to the nucleus and engage its cognate κB
enhancer elements. Recent studies have described an important mechanism in con-
necting T-cell receptor signaling to NF-κB activation. In this model, IKK complex 
activation occurs through PKCθ-mediated regulation of a supramolecular scaffold 
complex formed by the adaptor proteins CARMA1 (CARD-domain- and MAGUK-
domain-containing protein 1), BCL10 (B-cell lymphoma 10) and MALT1 (mucosa-
associated-lymphoid-tissue lymphoma translocation gene 1) (Rawlings et al. 2006; 
Schulze-Luehrmann and Ghosh 2006; Thome 2004). CARMA1 is a lymphocyte 
member of the  membrane-associated guanylate kinase (MAGUK) protein family 

Fig. 3 Coordination of TCR signaling by MAGUK-family proteins. Activation of PKC isoforms 
downstream of TCR leads to phosphorylation and activation of the MAGUK protein CARMA1. 
Phosphorylated CARMA1 will interact with Bcl-10/MALT1 complexes to form oligomerized 
scaffolds that in turn activate TRAF2/6. TRAF2 and TRAF6 will induce ubiquitinylation and 
assembly of proteins that lead to the phosphorylation of IKKβ and activation of the IKK complex. 
This results in the phosphorylation and ubiquitinylation of IκB subunits and release of NF-κB.
Results also suggest that signaling through CARMA1 can control the specific activation of JNK2. 
Binding of Dlgh1 to Zap-70 is supposed to induce an alternative pathway for activation of p38 
and control of NFAT activity
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and contains N-terminal CARD domain, followed by a coiled-coil domain and a 
region containing PDZ, SH3 and GUK domains. Lymphocytes from CARMA1-
deficient mice fail to proliferate after antigen  receptor stimulation and cannot acti-
vate IKK or JNK (Egawa et al. 2003; Hara et al. 2003). Furthermore, a portion of 
CARMA1 seems to constitutively associate with lipid rafts where it is able to recruit 
and bind BCL-10, TAK1 [transforming growth factor-β (TGFβ)-activated kinase 1] 
and IKKγ upon receptor stimulation and initiate activation of the IKK complex 
(Gaide et al. 2002). Between the  coiled-coil (CC) and the PDZ of CARMA1 is an 
important flexible linker region with several serine residues that are targets for phos-
phorylation by atypical PKC  isoforms (PKCβ or PKCθ) (Matsumoto et al. 2005; 
Sommer et al. 2005). This leads to an open active conformation, oligomerization of 
CARMA1 through its CC domain and binding of BCL-10 through CARD-CARD 
interactions, suggesting that CARMA1 acts upstream of BCL-10 in this process. 
Each BCL-10 molecule can then act as a binding site for MALT1 and under stimu-
lating conditions form cytoplasmic structures called POLKADOTS, which are 
dynamic protein structures formed by multiple BCL-10 protein–protein interactions 
(Rossman et al. 2006; Schaefer et al. 2004). BCL-10 is part of the larger family of 
proteins that contain caspase  recruitment domains (CARD) and has been described 
to interact with numerous proteins including CARMA1 and MALT 1. Chromosomal 
translocations resulting in BCL-10 overexpression lead to aggressive B-cell-derived 
MALT  lymphomas characterized by constitutive NF-κB activation (Willis et al. 
1999). In contrast, B or T cells from BCL-10 knockout mice are unable to activate 
NF-κB after  antigen-receptor stimulation despite having intact calcium flux and rel-
atively normal  phosphotyrosine signals (Ruland et al. 2001). The specific CARD-
domain  interaction with CARMA1 seems to be functionally important since 
disruption of this interaction abrogates the ability of CARMA-1 to activate IKK and 
NF-κB (Gaide et al. 2002; Pomerantz et al. 2002). A downstream target of BCL-10 
is MALT1, which is a protein  characterized by an N-terminal death domain, two Ig-
like domains and a caspase-like domain (Lucas et al. 2001; Uren et al. 2000). 
MALT1 knockout mice have defects in responses to TCR activation, including pro-
liferation, IL-2 production and IKK activation (Ruefli-Brasse et al. 2003; Ruland et 
al. 2003). Like BCL-10, it is targeted by chromosomal translocation in some MALT 
lymphomas, leading to overexpression and constitutive NF-κB activation. Similarly, 
overexpression and oligomerization of MALT1 are sufficient to activate NF-κB, and 
combined  overexpression of both MALT and BCL-10 has a synergistic effect on 
NF-κB activation (Lucas et al. 2001; Uren et al. 2000). In summary, data suggest 
that BCL-10 bound to CARMA1 acts as a scaffold in the assembly and oligomeriza-
tion of MALT1, thereby creating a signalosome controlling NF-κB activation. The 
next step involves the positioning of TRAF 2 and 6 (tumor necrosis factor–receptor-
associated factor) in complex with trimerized MALT1 and activation of their 
 ubiquitin ligase activity (Baud et al. 1999; Park et al. 1999; Sun et al. 2004). TRAF2 
and TRAF6 will induce ubiquitinylation and assembly of proteins that lead to the 
phosphorylation of IKKβ and activation of the IKK complex. Finally, this results in 
the phosphorylation and ubiquitinylation of IκB subunits and release of NF-κB. The 
events downstream of MALT1 are conserved among different NF-κB-activating 
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pathways and represent a convergence point in the NF-κB cascade. In conclusion, TCR 
activation of atypical PKCs leads to the recruitment and  oligomerization of CARMA1, 
recruitment of BCL-10 and MALT1 and nucleation of an oligomeric protein com-
plex that directs the activation of NF-κB. Interestingly, results suggest that CARMA1 
has an additional role in generating specificity in the regulation of c-Jun N-terminal 
kinases (JNKs) downstream of TCR activation (Blonska et al. 2007). T cells express 
JNK1 and JNK2 isoforms, which both are activated after TCR stimulation, and 
CARMA1 deficiency seems to affect this activation. In fact, there appears to be a 
selective defect in JNK2 activation in a CARMA1-deficient cell line or T cells from 
CARMA1-deficient mice, suggesting that CARMA1 scaffolding through BCL-10 is 
able to specifically regulate the assembly of a JNK2-MKK7-TAK1 protein complex. 
Activation of JNK2 by this protein assembly seems to control the accumulation of 
c-Jun after TCR stimulation (Blonska et al. 2007).

The significance of MAGUK proteins in the scaffolding and connection of 
 signaling downstream of TCR has been further substantiated by the possible role of 
Dlgh1 in the direct activation of the MAPK p38 by Zap-70. Like CARMA1, Dlgh1 
is an adaptor with several modular domains. It contains a proline-rich N-terminal 
followed by three PDZ domains, a SH3 domain and a GUK domain. T-cell stimula-
tion leads to the recruitment of Dlgh1 to the immunological synapse where it forms 
a complex with Lck, Zap-70 and p38 MAPK (Hanada et al. 1997; Round et al. 
2007; Xavier et al. 2004). This facilitates Zap-70-mediated phosphorylation of 
Tyr323 on p38 (Salvador et al. 2005), which induces a conformational change, 
dimerization and autophosphorylation on Thr180 and Tyr182. This alternative 
pathway seems to correlate with phosphorylation of NFAT at Ser 54 and increased 
transactivation. Overexpression of Dlgh1 in T-cell hybridoma cells resulted in a 
specific increase in NFAT reporter activity, while knockdown of Dlgh1 in T cells 
from TCR transgenic mice gave reduced p38 and NFAT activation (Round et al. 
2005). It is important to note that Dlgh1 seems to skew TCR proximal events 
towards NFAT activation independent of the classical Ca2+-dependent activation of 
calcineurin, adding to the complexity in the regulation of this transcription factor. 
Together the recent studies of CARMA1 and Dlgh1 place MAGUK proteins at key 
positions in orchestrating signal specificity downstream of immune receptors and 
channeling toward distinct targets (Rebeaud et al. 2007). In this regard, it will be 
interesting to see if MAGUK proteins play a role in the unique transcriptional pro-
file seen in CD4+/CD25+/Foxp3+ regulatory T cells and thereby can influence 
 signaling underlying immune homeostasis.

4 Other Receptor Systems Controlling Immune Responses

Signaling through immunoreceptors alone is not sufficient to control all aspects of 
T-cell biology. Other receptors, such as cytokine receptors, chemokine receptors, 
integrins and tumor-necrosis factor (TNF)-related receptors, can all influence 
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T-cell functions in different ways. Some involve the recruitment of functionally 
unique adaptors that connect these receptors to intracellular signaling pathways.

4.1 Scaffolding of SLAM Receptor Signaling

A small group of receptors implicated in immune cell regulation are members of 
the signaling lymphocytic activation molecule (SLAM) family, which belongs to 
the CD2 subfamily of Ig receptors. These include SLAM (CD150), 2B4, CD84, 
NTBA (NK-,T- and B-cell antigen), Ly9 (CD229) and CD2-like receptor activating 
cytotoxic cells or CRACC (CD319) (Ma et al. 2007; Veillette 2006). They have 
Ig-like domains in their extracellular regions and are expressed in different subsets 
of lymphocytes. Except for 2B4, which binds CD48, the ligands for SLAM 
 receptors are not well characterized, but almost all members of the family appear 
to be involved in homotypic interaction with other SLAM expressing cells. SLAM/
CD150 is expressed on thymocytes, T cells, B cells, macrophages and dendritic 
cells and interestingly serves as the lymphoid specific receptor for morbilliviruses 
(including measles) (Tatsuo et al. 2000; Veillette 2006). T cells from SLAM-
 deficient mice have a defect in the production of IL-4 and IL-13, but not INF-γ,
suggesting that SLAM is involved in skewing the immune response towards a Th2 
response (Davidson et al. 2004; Wang et al. 2004). Furthermore, SLAM is thought 
to be involved in the communication between T cells and antigen-presenting cells 
(APCs) in vivo, and SLAM expression is upregulated on APCs after inflammatory 
stimuli (Bleharski et al. 2001; Kruse et al. 2001). However, further work is 
required to fully understand the role of SLAM interactions in immune development 
and regulation.

A common denominator of the SLAM family of receptors is their ability to 
interact with a small family of adaptors called SLAM-associated proteins or SAPs 
(Ma et al. 2007; Veillette 2006). The three members of this family are SAP, 
Ewing’s sarcoma-associated transcript-2 (EAT-2) and the rodent member EAT-2-
related transducer (ERT). They have a very simple structure consisting of an SH2 
domain and a short C-terminal tail. The SH2 domain interacts with the consensus 
TxYxxV/I present in the cytoplasmic part of some, but not all forms of SLAM 
receptors. In contrast to classical SH2 domain interactions, SAP can bind to this 
motif independently of tyrosine phosphorylation, suggesting that SAP  constitutively 
interacts with SLAM receptors (Latour et al. 2001). This association to SAP makes 
the receptor able to signal through tyrosine phosphorylation by recruiting the Src 
kinase Fyn through a unique type of interaction (Chan et al. 2003; Latour et al. 
2003). An arginine-based motif (RFFRKVKN) localized between the sixth β-sheet
and the second α-helix of the SAP SH2-domain specifically interacts with the SH3 
domain of Fyn. This means that this interaction occurs on the external surface away 
from the phosphotyrosine pocket interacting with the tyrosine-based motif of the 
SLAM receptors. The association with Fyn is induced upon receptor engagement 
and leads to activation of Fyn kinase activity and subsequent phosphorylation of 
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additional tyrosine motifs present in the C-terminal part of the receptors. In the case 
of SLAM, this leads to the recruitment of the inositol phosphatase SHIP and assem-
bly of a complex involving Dok1, Dok2 and RasGAP (Latour et al. 2001). Hence, 
the dual-binding capabilities of the SAP SH2 domain form a unique scaffolding 
module that alone connects the SLAM receptors to downstream signaling.

The identification of SAP (SH2D1A) as the aberrant gene that causes X-linked 
lymphoproliferative (XLP) syndrome clearly points to a central role of SAP in 
immune homeostasis (Coffey et al. 1998; Nichols et al. 1998; Sayos et al. 1998). 
XLP is a complex disorder characterized by a defect in immune regulation usually 
manifested by an uncontrolled immune response to primary infection of Epstein 
Barr virus (EBV). Other common clinical features are lymphoproliferative 
 disorders and dysgammaglobulinemia. Importantly, the phenotype of SAP- deficient 
mice recapitulates several important aspects of the immune defect seen in XLP, 
including defects in Th2 cytokine production, hyper-responsive CD8+ population 
after virus infection, defects in B-cell function and absence of NKT cells (Ma et al. 
2007). The lack of NKT cells in SAP-deficient mice is striking, since the 
 development of T and NK cells appears normal. Interestingly, Fyn is also impli-
cated in the development of NKT cells, suggesting that the SAP/Fyn signaling unit 
transmits signals necessary for this process. Furthermore, the Th2-cell defect seen 
in SLAM-deficient mice is reminiscent of the phenotype observed in SAP and  Fyn-
deficient mice, suggesting that SLAM primarily signals through SAP-Fyn. Together 
these data support a central role of the SLAM-SAP-Fyn signaling in the control of 
immune effector functions during infections.

4.2 Scaffolding of Toll-Like Receptor Signaling

As part of the defence against microbial infection, the immune system has evolved 
mechanisms for detection of abundantly expressed unique molecules critical for 
pathogen replication and survival. The recognition of these pathogen-associated 
molecular patterns (PAMPS) is mediated by Toll-like receptors (TLRs) that either 
alone or through cooperation form a repertoire that can recognize a broad array of 
PAMPs (West et al. 2006). Acting like sensors, TLRs are able to initiate signaling 
cascades that lead to activation of the NF-κB, AP-1 and IRF families of  transcription 
factors and subsequent transcription of distinct target genes required for an  effective 
immune response. Essential in TLR signaling is a structural motif called Toll/IL-1 
receptor (TIR) domain present in all TLRs and the IL-1 receptor family (Dunne and 
O’Neill 2003). This domain forms homotypic interaction and couples these recep-
tors to a unique set of TIR-domain-containing scaffolding proteins. These adaptors 
include myeloid differentiation factor 88 (MyD88), TIR-domain-containing adaptor 
(TIRAP), TIR-domain-containing adaptor inducing interferon-β (TRIF) and TRIF-
related adaptor molecule (TRAM) (West et al. 2006). So far, results suggest that 
MyD88 is the key mediator of signals downstream of most TLRs. In addition to its 
TIR-domain, MyD88 has an N-terminal death domain that can interact and activate 
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members of the interleukin 1 receptor-associated kinase (IRAK) family. This leads 
to the recruitment and activation of the ubiquitin ligase TRAF-6 and activiation of 
the kinase TAK1 through poly-ubiquitinylation. Tak 1 activates the classical NF-κB
activation resulting in activation of the IKK complex, IκB degradation and NF-κB
translocation and activation (Chen 2005; Dunne and O’Neill 2003).

The central role of MyD88 is well illustrated by results from MyD88-deficient 
mice (Adachi et al. 1998; Kawai et al. 1999). Cells from these mice do not 
respond to a broad spectrum of PAMPs known to activate TLRs 2, 5, 7/8, 9 and 
11,  suggesting that MyD88 is essential to connect these receptors to intracellular 
 pathways. TLR4-induced signals are not affected to the same degree, as cells 
from these mice still can signal through MAPK and NF-κB after LPS stimulation. 
However, the response profile is reduced and delayed, suggesting that other 
 molecules are involved in this pathway. In fact, this MyD88-independent signal-
ing led to the identification of other TIR-domain containing adaptors, including 
TRIF, which seems to independently control signals through TLR4 (Akira and 
Takeda 2004; West et al. 2006). TLR4 signaling through TRIF is thought to acti-
vate IRF3 and IFN gene transcription by engaging the downstream kinase TBK1. 
Thus, the current model suggests that after LPS binding and dimerization, TLR4 
assembles two distinct scaffolding units to the receptor complex that regulates sig-
nals through MyD88 and TRIF. Furthermore, recent results suggest that this 
process is  coordinated by two of the other TIR adaptor proteins, TRAM and 
TIRAP. TRAM contains an N-terminal myristoylation site that targets it to the 
plasma membrane where it seems to colocalize with TLR4 (Rowe et al. 2006). 
This places TRAM in a position to recruit and target TRIF to the receptor and 
initiate signaling through TBK1. Similarly, TIRAP plays an important role in 
TLR signaling and can  facilitate MyD88 delivery to activated TLR4. Interestingly, 
TIRAP is targeted to membrane structures by binding to phosphatidylinositol 
4,5,-bisphosphate (PIP2), suggesting that signal initiation by TLR4 is linked to 
lipid metabolism (Kagan and Medzhitov 2006). Together these data suggest that 
spatial regulation and  membrane tethering of adaptors is an important process in 
the sorting of signals downstream of TLRs.

5  Targeting of Anchored Signal Molecules as a Basis 
for Therapy

Typically drug-targeting strategies have focused on cell-surface receptors and 
enzymes. In contrast, targeting of interacting surfaces of anchoring, docking and 
adaptor proteins that localize signal molecules have not been subject to similar 
interest up to now, but offer an expansion of strategies for perturbation of signal 
pathways and offer great opportunities for specificity because of the opportunity of 
targeting particular subpopulations of signal molecules. However, interruption of 
protein–protein interactions involved in signal localization also poses challenges as 
interacting surfaces may be large and with a less suitable topology and charge 
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 distribution for the binding of small molecules. A complicating factor for specific 
targeting disruption is the cooperative binding involved in protein scaffolds that 
together create specificity and stability to the signaling module. This suggests that 
targeting of single interactions may affect the whole complex and cause multiple 
signal alterations.

Peptide-array technology, intracellular delivery of optimized peptides and in 
vivo use of stabilized peptidomimetics represent powerful tools to address the 
 possibility of drug targeting of protein–protein interactions and anchored  complexes 
with huge potential for specifically addressing cell-type-specific and signal-
 pathway-specific effects. Peptidomimetics are typically protected against exopepti-
dases as they are capped or have internal modifications to remove or protect the 
peptide bonds of a corresponding peptide. This technology can be used to develop 
molecules to perturb anchoring and provide accurate proof of principle and target 
validation and would typically precede a decision to screen for small molecular 
compounds that perturb the same anchored complexes.

As an example, the inhibitory effect of protein kinase A on T-cell function 
is dependent on anchoring of the enzyme by an A-kinase-anchoring protein 
(AKAP) called ezrin that anchors PKA in the vicinity of the T-cell receptor as 
discussed above (Ruppelt et al. 2007). Isozyme-specific PKA anchoring disrup-
tors have been developed by designing small peptides that competitively bind 
to the anchoring site and displace distince PKA isozymes. Such peptide disruptors 
may represent future means for targeting cell-specific and isoenzyme-specific 
anchored signaling  processes mediated by PKA (Carlson et al. 2006; Gold et al. 
2006). This strategy is suitable to test and validate anchored PKA as a target 
and could have  therapeutically relevant applications in regulation of, for exam-
ple, immune function.

Development of assays suitable to find drug candidates, primarily small 
 synthetic molecular entities, interfering with protein–protein interactions could be 
cell-based assays, such as bioluminescence resonance energy transfer assay, ampli-
fied luminescence proximity homogenous assay (AlphaScreen) or  fluorescence 
polarization, all of which offer means to characterize molecular interactions such 
as protein–protein interactions, and subsequently this could be used to detect 
 disruption by small molecular compounds in a high-throughput screen. In an exam-
ple using AlphaScreen, an assay was established using biotinylated PKA RIα/RIIα
and GST-fused truncated AKAP95/149 immobilized to these beads via streptavidin 
and anti-GST, respectively. When the beads were brought in proximity by an R-
AKAP complex, they produced an AlphaScreen signal. Peptide antagonists that 
competed with the AKAP for binding to the D/D domain in the R subunit of PKA 
reduced the AlphaScreen signal in a concentration-dependent manner, and kinetic 
properties of such peptide antagonists could be characterized, leading up to future 
chemical biology screens (Stokka et al. 2006).

In summary, we anticipate that we will see an increasing number of drug-targeting
strategies aimed at perturbing hyperactive signaling pathways in disease that make 
use of the opportunities to interfere with anchoring to disrupt the discrete spatio-
temporal regulation provided by scaffolding proteins.



Molecular Architecture of Signal Complexes Regulating Immune Cell Function 353

Acknowledgments Our work is supported by grants from the Functional Genomics Programme, 
the Research Council of Norway, the Norwegian Cancer Society, Novo Nordic Foundation and 
the European Union (grant no. 037189, thera-cAMP).

References

Aandahl EM, Aukrust P, Skalhegg BS, Muller F, Froland SS, Hansson V, Tasken K (1998) 
Protein kinase A type I antagonist restores immune responses of T cells from HIV-infected 
patients. FASEB J 12:855–862

Aandahl EM, Aukrust P, Muller F, Hansson V, Tasken K, Froland SS (1999) Additive effects of 
IL-2 and protein kinase A type I antagonist on function of T cells from HIV-infected patients 
on HAART. AIDS 13:F109–F114

Aandahl EM, Moretto WJ, Haslett PA, Vang T, Bryn T, Tasken K, Nixon DF (2002) Inhibition 
of antigen-specific T cell proliferation and cytokine production by protein kinase A type I. 
J Immunol 169:802–808

Abrahamsen H, Vang T, Tasken K (2003) Protein kinase A intersects SRC signaling in membrane 
microdomains. J Biol Chem 278:17170–17177

Abrahamsen H, Baillie G, Ngai J, Vang T, Nika K, Ruppelt A, Mustelin T, Zaccolo M, Houslay 
M, Tasken K (2004) TCR- and CD28-mediated recruitment of phosphodiesterase 4 to lipid 
rafts potentiates TCR signaling. J Immunol 173:4847–4858

Abtahian F, Guerriero A, Sebzda E, Lu MM, Zhou R, Mocsai A, Myers EE, Huang B, Jackson 
DG, Ferrari VA, Tybulewicz V, Lowell CA, Lepore JJ, Koretzky GA, Kahn ML (2003) 
Regulation of blood and lymphatic vascular separation by signaling proteins SLP-76 and Syk. 
Science 299:247–251

Adachi O, Kawai T, Takeda K, Matsumoto M, Tsutsui H, Sakagami M, Nakanishi K, Akira S 
(1998) Targeted disruption of the MyD88 gene results in loss of IL-1- and IL-18-mediated 
function. Immunity 9:143–150

Aguado E, Richelme S, Nunez-Cruz S, Miazek A, Mura AM, Richelme M, Guo XJ, Sainty D, He 
HT, Malissen B, Malissen M (2002) Induction of T helper type 2 immunity by a point muta-
tion in the LAT adaptor. Science 296:2036–2040

Akira S, Takeda K (2004) Toll-like receptor signaling. Nat Rev Immunol 4:499–511
Algrain M, Turunen O, Vaheri A, Louvard D, Arpin M (1993) Ezrin contains cytoskeleton and 

membrane binding domains accounting for its proposed role as a membrane-cytoskeletal 
linker. J Cell Biol 120:129–139

Arold ST, Ulmer TS, Mulhern TD, Werner JM, Ladbury JE, Campbell ID, Noble ME (2001) The 
role of the Src homology 3-Src homology 2 interface in the regulation of Src kinases. J Biol 
Chem 276:17199–17205

Arp J, Kirchhof MG, Baroja ML, Nazarian SH, Chau TA, Strathdee CA, Ball EH, Madrenas J 
(2003) Regulation of T-cell activation by phosphodiesterase 4B2 requires its dynamic redistri-
bution during immunological synapse formation. Mol Cell Biol 23:8042–8057

Aukrust P, Aandahl EM, Skalhegg BS, Nordoy I, Hansson V, Tasken K, Froland SS, Muller F 
(1999) Increased activation of protein kinase A type I contributes to the T cell deficiency in 
common variable immunodeficiency. J Immunol 162:1178–1185

Baillie GS, Scott JD, Houslay MD (2005) Compartmentalisation of phosphodiesterases and pro-
tein kinase A: opposites attract. FEBS Lett 579:3264–3270

Baud V, Liu ZG, Bennett B, Suzuki N, Xia Y, Karin M (1999) Signaling by proinflammatory 
cytokines: oligomerization of TRAF2 and TRAF6 is sufficient for JNK and IKK activation 
and target gene induction via an amino-terminal effector domain. Genes Dev 13:1297–1308

Bergman M, Mustelin T, Oetken C, Partanen J, Flint NA, Amrein KE, Autero M, Burn P, Alitalo K 
(1992) The human p50csk tyrosine kinase phosphorylates p56lck at Tyr-505 and down 
regulates its catalytic activity. EMBO J 11:2919–2924



354 K.M. Torgersen et al.

Billadeau DD, Nolz JC, Gomez TS (2007) Regulation of T-cell activation by the cytoskeleton. Nat 
Rev Immunol 7:131–143

Bleharski JR, Niazi KR, Sieling PA, Cheng G, Modlin RL (2001) Signaling lymphocytic 
 activation molecule is expressed on CD40 ligand-activated dendritic cells and directly  augments
production of inflammatory cytokines. J Immunol 167:3174–3181

Blonska M, Pappu BP, Matsumoto R, Li H, Su B, Wang D, Lin X (2007) The CARMA1-Bcl10 
signaling complex selectively regulates JNK2 kinase in the T cell receptor-signaling pathway. 
Immunity 26:55–66

Boise LH, Minn AJ, Noel PJ, June CH, Accavitti MA, Lindsten T, Thompson CB (1995) CD28 
costimulation can promote T cell survival by enhancing the expression of Bcl-XL. Immunity 
3:87–98

Bonizzi G, Karin M (2004) The two NF-kappaB activation pathways and their role in innate and 
adaptive immunity. Trends Immunol 25:280–288

Brdicka T, Pavlistova D, Leo A, Bruyns E, Korinek V, Angelisova P, Scherer J, Shevchenko A, 
Hilgert I, Cerny J, Drbal K, Kuramitsu Y, Kornacker B, Horejsi V, Schraven B (2000) 
Phosphoprotein associated with glycosphingolipid-enriched microdomains (PAG), a novel 
ubiquitously expressed transmembrane adaptor protein, binds the protein tyrosine kinase csk 
and is involved in regulation of T cell activation. J Exp Med 191:1591–1604

Brdicka T, Imrich M, Angelisova P, Brdickova N, Horvath O, Spicka J, Hilgert I, Luskova P, 
Draber P, Novak P, Engels N, Wienands J, Simeoni L, Osterreicher J, Aguado E, Malissen M, 
Schraven B, Horejsi V (2002) Non-T cell activation linker (NTAL): a transmembrane adaptor 
protein involved in immunoreceptor signaling. J Exp Med 196:1617–1626

Brdicka T, Kadlecek TA, Roose JP, Pastuszak AW, Weiss A (2005) Intramolecular regulatory 
switch in ZAP-70: analogy with receptor tyrosine kinases. Mol Cell Biol 25:4924–4933

Brdickova N, Brdicka T, Andera L, Spicka J, Angelisova P, Milgram SL, Horejsi V (2001) 
Interaction between two adapter proteins, PAG and EBP50: a possible link between membrane 
rafts and actin cytoskeleton. FEBS Lett 507:133–136

Brownawell AM, Kops GJ, Macara IG, Burgering BM (2001) Inhibition of nuclear import by 
protein kinase B (Akt) regulates the subcellular distribution and activity of the forkhead 
 transcription factor AFX. Mol Cell Biol 21:3534–3546

Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, Anderson MJ, Arden KC, Blenis J, 
Greenberg ME (1999) Akt promotes cell survival by phosphorylating and inhibiting a 
Forkhead transcription factor. Cell 96:857–868

Brunet A, Park J, Tran H, Hu LS, Hemmings BA, Greenberg ME (2001) Protein kinase SGK 
mediates survival signals by phosphorylating the forkhead transcription factor FKHRL1 
(FOXO3a). Mol Cell Biol 21:952–965

Bruyns E, Marie-Cardine A, Kirchgessner H, Sagolla K, Shevchenko A, Mann M, Autschbach F, 
Bensussan A, Meuer S, Schraven B (1998) T cell receptor (TCR) interacting molecule 
(TRIM), a novel disulfide-linked dimer associated with the TCR-CD3-zeta complex, recruits 
intracellular signaling proteins to the plasma membrane. J Exp Med 188:561–575

Bubeck WJ, Pappu R, Bu JY, Mayer B, Chernoff J, Straus D, Chan AC (1998) Regulation of 
PAK activation and the T cell cytoskeleton by the linker protein SLP-76. Immunity 
9:607–616

Burr JS, Savage ND, Messah GE, Kimzey SL, Shaw AS, Arch RH, Green JM (2001) Cutting 
edge: distinct motifs within CD28 regulate T cell proliferation and induction of Bcl-XL. 
J Immunol 166:5331–5335

Call ME, Wucherpfennig KW (2005) The T cell receptor: critical role of the membrane environ-
ment in receptor assembly and function. Annu Rev Immunol 23:101–125

Carlson CR, Lygren B, Berge T, Hoshi N, Wong W, Tasken K, Scott JD (2006) Delineation of 
type I protein kinase A-selective signaling events using an RI anchoring disruptor. J Biol 
Chem 281:21535–21545

Chen ZJ (2005) Ubiquitin signaling in the NF-kappaB pathway. Nat Cell Biol 7:758–765
Chan AC, Shaw AS (1996) Regulation of antigen receptor signal transduction by protein tyrosine 

kinases. Curr Opin Immunol 8:394–401



Molecular Architecture of Signal Complexes Regulating Immune Cell Function 355

Chan B, Lanyi A, Song HK, Griesbach J, Simarro-Grande M, Poy F, Howie D, Sumegi J, Terhorst 
C, Eck MJ (2003) SAP couples Fyn to SLAM immune receptors. Nat Cell Biol 5:155–160

Chow LM, Fournel M, Davidson D, Veillette A (1993) Negative regulation of T-cell receptor 
 signaling by tyrosine protein kinase p50csk. Nature 365:156–160

Chu DH, Morita CT, Weiss A (1998) The Syk family of protein tyrosine kinases in T-cell 
 activation and development. Immunol Rev 165:167–180

Clements JL, Yang B, Ross-Barta SE, Eliason SL, Hrstka RF, Williamson RA, Koretzky GA 
(1998) Requirement for the leukocyte-specific adapter protein SLP-76 for normal T cell 
 development. Science 281:416–419

Cloutier JF, Chow LM, Veillette A (1995) Requirement of the SH3 and SH2 domains for the inhibi-
tory function of tyrosine protein kinase p50csk in T lymphocytes. Mol Cell Biol 15:5937–5944

Coffer PJ, Burgering BM (2004) Forkhead-box transcription factors and their role in the immune 
system. Nat Rev Immunol 4:889–899

Coffey AJ, Brooksbank RA, Brandau O, Oohashi T, Howell GR, Bye JM, Cahn AP, Durham J, 
Heath P, Wray P, Pavitt R, Wilkinson J, Leversha M, Huckle E, Shaw-Smith CJ, Dunham 
A, Rhodes S, Schuster V, Porta G, Yin L, Serafini P, Sylla B, Zollo M, Franco B, Bolino 
A, Seri M, Lanyi A, Davis JR, Webster D, Harris A, Lenoir G, de St BG, Jones A, 
Behloradsky BH, Achatz H, Murken J, Fassler R, Sumegi J, Romeo G, Vaudin M, Ross 
MT, Meindl A, Bentley DR (1998) Host response to EBV infection in X-linked lympho-
proliferative disease results from mutations in an SH2-domain encoding gene. Nat Genet 
20:129–135

Conti M, Jin SL (1999) The molecular biology of cyclic nucleotide phosphodiesterases. Prog 
Nucleic Acid Res Mol Biol 63:1–38

Costello PS, Walters AE, Mee PJ, Turner M, Reynolds LF, Prisco A, Sarner N, Zamoyska R, 
Tybulewicz VL (1999) The Rho-family GTP exchange factor Vav is a critical transducer of T 
cell receptor signals to the calcium, ERK, and NF-kappaB pathways. Proc Natl Acad Sci USA 
96:3035–3040

Costello PS, Gallagher M, Cantrell DA (2002) Sustained and dynamic inositol lipid metabolism 
inside and outside the immunological synapse. Nat Immunol 3:1082–1089

Dahl AM, Klein C, Andres PG, London CA, Lodge MP, Mulligan RC, Abbas AK (2000) 
Expression of bcl-X(L) restores cell survival, but not proliferation off effector differentiation, 
in CD28-deficient T lymphocytes. J Exp Med 191:2031–2038

Davidson D, Bakinowski M, Thomas ML, Horejsi V, Veillette A (2003) Phosphorylation-
 dependent regulation of T-cell activation by PAG/Cbp, a lipid raft-associated transmembrane 
adaptor. Mol Cell Biol 23:2017–2028

Davidson D, Shi X, Zhang S, Wang H, Nemer M, Ono N, Ohno S, Yanagi Y, Veillette A (2004) 
Genetic evidence linking SAP, the X-linked lymphoproliferative gene product, to Src-related 
kinase FynT in T(H)2 cytokine regulation. Immunity 21:707–717

Davidson D, Schraven B, Veillette A (2007) PAG-associated FynT regulates calcium signaling 
and promotes anergy in T lymphocytes. Mol Cell Biol 27:1960–1973

Deindl S, Kadlecek TA, Brdicka T, Cao X, Weiss A, Kuriyan J (2007) Structural basis for the 
inhibition of tyrosine kinase activity of ZAP-70. Cell 129:735–746

de Rooij J, Zwartkruis FJ, Verheijen MH, Cool RH, Nijman SM, Wittinghofer A, Bos JL (1998) 
Epac is a Rap1 guanine-nucleotide-exchange factor directly activated by cyclic AMP. Nature 
396:474–477

Di B, V, Mege D, Germain V, Pelosi M, Dufour E, Michel F, Magistrelli G, Isacchi A, Acuto O 
(1999) Tyrosine 319, a newly identified phosphorylation site of ZAP-70, plays a critical role 
in T cell antigen receptor signaling. J Biol Chem 274:6285–6294

Dobenecker MW, Schmedt C, Okada M, Tarakhovsky A (2005) The ubiquitously expressed Csk 
adaptor protein Cbp is dispensable for embryogenesis and T-cell development and function. 
Mol Cell Biol 25:10533–10542

Dong S, Corre B, Foulon E, Dufour E, Veillette A, Acuto O, Michel F (2006) T cell receptor for 
antigen induces linker for activation of T cell-dependent activation of a negative signaling 
complex involving Dok-2, SHIP-1, and Grb-2. J Exp Med 203:2509–2518



356 K.M. Torgersen et al.

Doody GM, Billadeau DD, Clayton E, Hutchings A, Berland R, McAdam S, Leibson PJ, Turner 
M (2000) Vav-2 controls NFAT-dependent transcription in B- but not T-lymphocytes. EMBO J 
19:6173–6184

Dower NA, Stang SL, Bottorff DA, Ebinu JO, Dickie P, Ostergaard HL, Stone JC (2000) 
RasGRP is essential for mouse thymocyte differentiation and TCR signaling. Nat Immunol 
1:317–321

Dunne A, O’Neill LA (2003) The interleukin-1 receptor/Toll-like receptor superfamily: signal 
transduction during inflammation and host defense. Sci STKE 2003:re3

Dustin ML (2005) A dynamic view of the immunological synapse. Semin Immunol 17:400–410
Egawa T, Albrecht B, Favier B, Sunshine MJ, Mirchandani K, O’Brien W, Thome M, Littman 

DR (2003) Requirement for CARMA1 in antigen receptor-induced NF-kappa B activation and 
lymphocyte proliferation. Curr Biol 13:1252–1258

Fang N, Motto DG, Ross SE, Koretzky GA (1996) Tyrosines 113, 128, and 145 of SLP-76 are 
required for optimal augmentation of NFAT promoter activity. J Immunol 157:3769–3773

Faure S, Salazar-Fontana LI, Semichon M, Tybulewicz VL, Bismuth G, Trautmann A, Germain 
RN, Delon J (2004) ERM proteins regulate cytoskeleton relaxation promoting T cell-APC 
conjugation. Nat Immunol 5:272–279

Finco TS, Kadlecek T, Zhang W, Samelson LE, Weiss A (1998) LAT is required for TCR-medi-
ated activation of PLCgamma1 and the Ras pathway. Immunity 9:617–626

Fong AM, Premont RT, Richardson RM, Yu YR, Lefkowitz RJ, Patel DD (2002) Defective lym-
phocyte chemotaxis in beta-arrestin2- and GRK6-deficient mice. Proc Natl Acad Sci USA 
99:7478–7483

Fujikawa K, Miletic AV, Alt FW, Faccio R, Brown T, Hoog J, Fredericks J, Nishi S, Mildiner S, 
Moores SL, Brugge J, Rosen FS, Swat W (2003) Vav1/2/3-null mice define an essential role 
for Vav family proteins in lymphocyte development and activation but a differential require-
ment in MAPK signaling in T and B cells. J Exp Med 198:1595–1608

Gaide O, Favier B, Legler DF, Bonnet D, Brissoni B, Valitutti S, Bron C, Tschopp J, Thome M 
(2002) CARMA1 is a critical lipid raft-associated regulator of TCR-induced NF-kappa B 
 activation. Nat Immunol 3:836–843

Ghosh S, Karin M (2002) Missing pieces in the NF-kappaB puzzle. Cell 109 (Suppl):S81–S96
Gold MG, Lygren B, Dokurno P, Hoshi N, McConnachie G, Tasken K, Carlson CR, Scott JD, 

Barford D (2006) Molecular basis of AKAP specificity for PKA regulatory subunits. Mol Cell 
24:383–395

Gomez M, Kioussis D, Cantrell DA (2001) The GTPase Rac-1 controls cell fate in the thymus by 
diverting thymocytes from positive to negative selection. Immunity 15:703–713

Hanada T, Lin L, Chandy KG, Oh SS, Chishti AH (1997) Human homologue of the Drosophila 
discs large tumor suppressor binds to p56lck tyrosine kinase and Shaker type Kv1.3 potassium 
channel in T lymphocytes. J Biol Chem 272:26899–26904

Hara H, Wada T, Bakal C, Kozieradzki I, Suzuki S, Suzuki N, Nghiem M, Griffiths EK, Krawczyk 
C, Bauer B, D’Acquisto F, Ghosh S, Yeh WC, Baier G, Rottapel R, Penninger JM (2003) The 
MAGUK family protein CARD11 is essential for lymphocyte activation. Immunity 
18:763–775

Harada Y, Tokushima M, Matsumoto Y, Ogawa S, Otsuka M, Hayashi K, Weiss BD, June CH, 
Abe R (2001) Critical requirement for the membrane-proximal cytosolic tyrosine residue for 
CD28-mediated costimulation in vivo. J Immunol 166:3797–3803

Harriague J, Bismuth G (2002) Imaging antigen-induced PI3K activation in T cells. Nat Immunol 
3:1090–1096

Heiska L, Alfthan K, Gronholm M, Vilja P, Vaheri A, Carpen O (1998) Association of ezrin with 
intercellular adhesion molecule-1 and -2 (ICAM-1 and ICAM-2). Regulation by phosphati-
dylinositol 4, 5-bisphosphate. J Biol Chem 273:21893–21900

Horejsi V, Zhang W, Schraven B (2004) Transmembrane adaptor proteins: organizers of immu-
noreceptor signaling. Nat Rev Immunol 4:603–616

Houslay MD, Adams DR (2003) PDE4 cAMP phosphodiesterases: modular enzymes that orches-
trate signaling cross-talk, desensitization and compartmentalization. Biochem J 370:1–18



Molecular Architecture of Signal Complexes Regulating Immune Cell Function 357

Hubbard SR, Till JH (2000) Protein tyrosine kinase structure and function. Annu Rev Biochem 
69:373–398

Hundt M, Tabata H, Jeon MS, Hayashi K, Tanaka Y, Krishna R, De GL, Liu YC, Fukata M, 
Altman A (2006) Impaired activation and localization of LAT in anergic T cells as a conse-
quence of a selective palmitoylation defect. Immunity 24:513–522

Imamoto A, Soriano P (1993) Disruption of the csk gene, encoding a negative regulator of Src family 
tyrosine kinases, leads to neural tube defects and embryonic lethality in mice. Cell 73:1117–1124

Itoh K, Sakakibara M, Yamasaki S, Takeuchi A, Arase H, Miyazaki M, Nakajima N, Okada M, 
Saito T (2002) Cutting edge: negative regulation of immune synapse formation by anchoring 
lipid raft to cytoskeleton through Cbp-EBP50-ERM assembly. J Immunol 168:541–544

Janssen E, Zhu M, Zhang W, Koonpaew S, Zhang W (2003) LAB: a new membrane-associated 
adaptor molecule in B cell activation. Nat Immunol 4:117–123

Janssen E, Zhu M, Craven B, Zhang W (2004) Linker for activation of B cells: a functional 
equivalent of a mutant linker for activation of T cells deficient in phospholipase C-gamma1 
binding. J Immunol 172:6810–6819

Johansson CC, Bryn T, Yndestad A, Eiken HG, Bjerkeli V, Froland SS, Aukrust P, Tasken K 
(2004) Cytokine networks are pre-activated in T cells from HIV-infected patients on HAART 
and are under the control of cAMP. AIDS 18:171–179

Jones RG, Parsons M, Bonnard M, Chan VS, Yeh WC, Woodgett JR, Ohashi PS (2000) Protein 
kinase B regulates T lymphocyte survival, nuclear factor kappaB activation, and Bcl-X(L) 
levels in vivo. J Exp Med 191:1721–1734

Kagan JC, Medzhitov R (2006) Phosphoinositide-mediated adaptor recruitment controls Toll-like 
receptor signaling. Cell 125:943–955

Kammer GM (1988) The adenylate cyclase-cAMP-protein kinase A pathway and regulation of the 
immune response. Immunol Today 9:222–229

Kane LP, Lin J, Weiss A (2000) Signal transduction by the TCR for antigen. Curr Opin Immunol 
12:242–249

Karin M, Greten FR (2005) NF-kappaB: linking inflammation and immunity to cancer development 
and progression. Nat Rev Immunol 5:749–759

Kaupp UB, Seifert R (2002) Cyclic nucleotide-gated ion channels. Physiol Rev 82:769–824
Kawabuchi M, Satomi Y, Takao T, Shimonishi Y, Nada S, Nagai K, Tarakhovsky A, Okada M 

(2000) Transmembrane phosphoprotein Cbp regulates the activities of Src-family tyrosine 
kinases. Nature 404:999–1003

Kawai T, Adachi O, Ogawa T, Takeda K, Akira S (1999) Unresponsiveness of MyD88-deficient 
mice to endotoxin. Immunity 11:115–122

Koonpaew S, Janssen E, Zhu M, Zhang W (2004) The importance of three membrane-distal tyro-
sines in the adaptor protein NTAL/LAB. J Biol Chem 279:11229–11235

Koonpaew S, Shen S, Flowers L, Zhang W (2006) LAT-mediated signaling in CD4+CD25+ regu-
latory T cell development. J Exp Med 203:119–129

Koretzky GA, Abtahian F, Silverman MA (2006) SLP76 and SLP65: complex regulation of sign-
aling in lymphocytes and beyond. Nat Rev Immunol 6:67–78

Kruse M, Meinl E, Henning G, Kuhnt C, Berchtold S, Berger T, Schuler G, Steinkasserer A 
(2001) Signaling lymphocytic activation molecule is expressed on mature CD83+ dendritic 
cells and is up-regulated by IL-1 beta. J Immunol 167:1989–1995

Kuo CT, Leiden JM (1999) Transcriptional regulation of T lymphocyte development and func-
tion. Annu Rev Immunol 17:149–187

Kvale D, Ormaasen V, Kran AM, Johansson CC, Aukrust P, Aandahl EM, Froland SS, Tasken K 
(2006) Immune modulatory effects of cyclooxygenase type 2 inhibitors in HIV patients on 
combination antiretroviral treatment. AIDS 20:813–820

Latour S, Veillette A (2004) The SAP family of adaptors in immune regulation. Semin Immunol 
16:409–419

Latour S, Gish G, Helgason CD, Humphries RK, Pawson T, Veillette A (2001) Regulation of 
SLAM-mediated signal transduction by SAP, the X-linked lymphoproliferative gene product. 
Nat Immunol 2:681–690



358 K.M. Torgersen et al.

Latour S, Roncagalli R, Chen R, Bakinowski M, Shi X, Schwartzberg PL, Davidson D, Veillette A 
(2003) Binding of SAP SH2 domain to FynT SH3 domain reveals a novel mechanism of receptor 
signaling in immune regulation. Nat Cell Biol 5:149–154

Layer K, Lin G, Nencioni A, Hu W, Schmucker A, Antov AN, Li X, Takamatsu S, Chevassut T, Dower 
NA, Stang SL, Beier D, Buhlmann J, Bronson RT, Elkon KB, Stone JC, Van PL, Lim B (2003) 
Autoimmunity as the consequence of a spontaneous mutation in Rasgrp1. Immunity 19:243–255

Ledbetter JA, Parsons M, Martin PJ, Hansen JA, Rabinovitch PS, June CH (1986) Antibody 
 binding to CD5 (Tp67) and Tp44 T cell surface molecules: effects on cyclic nucleotides, 
 cytoplasmic free calcium, and cAMP-mediated suppression. J Immunol 137:3299–3305

Lemay S, Davidson D, Latour S, Veillette A (2000) Dok-3, a novel adapter molecule involved in 
the negative regulation of immunoreceptor signaling. Mol Cell Biol 20:2743–2754

Levy FO, Rasmussen AM, Tasken K, Skalhegg BS, Huitfeldt HS, Funderud S, Smeland EB, 
Hansson V (1996) Cyclic AMP-dependent protein kinase (cAK) in human B cells: co-localiza-
tion of type I cAK (RI alpha 2 C2) with the antigen receptor during anti-immunoglobulin-
induced B cell activation. Eur J Immunol 26:1290–1296

Lin L, Hron JD, Peng SL (2004) Regulation of NF-kappaB, Th activation, and autoinflammation 
by the forkhead transcription factor Foxo3a. Immunity 21:203–213

Liu Q, Berry D, Nash P, Pawson T, McGlade CJ, Li SS (2003) Structural basis for specific bind-
ing of the Gads SH3 domain to an RxxK motif-containing SLP-76 peptide: a novel mode of 
peptide recognition. Mol Cell 11:471–481

Lucas PC, Yonezumi M, Inohara N, lister-Lucas LM, Abazeed ME, Chen FF, Yamaoka S, Seto 
M, Nunez G (2001) Bcl10 and MALT1, independent targets of chromosomal translocation in 
malt lymphoma, cooperate in a novel NF-kappa B signaling pathway. J Biol Chem 
276:19012–19019

Ma CS, Nichols KE, Tangye SG (2007) Regulation of cellular and humoral immune responses by 
the SLAM and SAP families of molecules. Annu Rev Immunol 25:337–379

Marie-Cardine A, Kirchgessner H, Schraven B (1999) Molecular alterations of the Fyn-complex 
occur as late events of human T cell activation. Eur J Immunol 29:1175–1187

Matsumoto R, Wang D, Blonska M, Li H, Kobayashi M, Pappu B, Chen Y, Wang D, Lin X (2005) 
Phosphorylation of CARMA1 plays a critical role in T Cell receptor-mediated NF-kappaB 
activation. Immunity 23:575–585

Michel JJ, Scott JD (2002) AKAP mediated signal transduction. Annu Rev Pharmacol Toxicol 
42:235–257

Minguet S, Swamy M, Alarcon B, Luescher IF, Schamel WW (2007) Full activation of the T cell 
receptor requires both clustering and conformational changes at CD3. Immunity 26:43–54

Montixi C, Langlet C, Bernard AM, Thimonier J, Dubois C, Wurbel MA, Chauvin JP, Pierres M, 
He HT (1998) Engagement of T cell receptor triggers its recruitment to low-density detergent-
insoluble membrane domains. EMBO J 17:5334–5348

Mueller DL (2004) E3 ubiquitin ligases as T cell anergy factors. Nat Immunol 5:883–890
Mutch CM, Sanyal R, Unruh TL, Grigoriou L, Zhu M, Zhang W, Deans JP (2007) Activation-

induced endocytosis of the raft-associated transmembrane adaptor protein LAB/NTAL in B lym-
phocytes: evidence for a role in internalization of the B cell receptor. Int Immunol 19:19–30

Nada S, Yagi T, Takeda H, Tokunaga T, Nakagawa H, Ikawa Y, Okada M, Aizawa S (1993) 
Constitutive activation of Src family kinases in mouse embryos that lack Csk. Cell 
73:1125–1135

Nakamoto T, Sakai R, Ozawa K, Yazaki Y, Hirai H (1996) Direct binding of C-terminal region 
of p130Cas to SH2 and SH3 domains of Src kinase. J Biol Chem 271:8959–8965

Negishi I, Motoyama N, Nakayama K, Nakayama K, Senju S, Hatakeyama S, Zhang Q, Chan AC, 
Loh DY (1995) Essential role for ZAP-70 in both positive and negative selection of thymocytes.
Nature 376:435–438

Nichols KE, Harkin DP, Levitz S, Krainer M, Kolquist KA, Genovese C, Bernard A, Ferguson 
M, Zuo L, Snyder E, Buckler AJ, Wise C, Ashley J, Lovett M, Valentine MB, Look AT, 
Gerald W, Housman DE, Haber DA (1998) Inactivating mutations in an SH2 domain- encoding
gene in X-linked lymphoproliferative syndrome. Proc Natl Acad Sci U S A 95:13765–13770



Molecular Architecture of Signal Complexes Regulating Immune Cell Function 359

Nunez-Cruz S, Aguado E, Richelme S, Chetaille B, Mura AM, Richelme M, Pouyet L, Jouvin-
Marche E, Xerri L, Malissen B, Malissen M (2003) LAT regulates gammadelta T cell 
 homeostasis and differentiation. Nat Immunol 4:999–1008

Oh P, Schnitzer JE (2001) Segregation of heterotrimeric G proteins in cell surface microdomains. 
G(q) binds caveolin to concentrate in caveolae, whereas G(i) and G(s) target lipid rafts by 
default. Mol Biol Cell 12:685–698

Okada M, Nada S, Yamanashi Y, Yamamoto T, Nakagawa H (1991) CSK: a protein-tyrosine 
kinase involved in regulation of src family kinases. J Biol Chem 266:24249–24252

Okkenhaug K, Vanhaesebroeck B (2003) PI3K in lymphocyte development, differentiation and 
activation. Nat Rev Immunol 3:317–330

Okkenhaug K, Wu L, Garza KM, La RJ, Khoo W, Odermatt B, Mak TW, Ohashi PS, Rottapel R 
(2001) A point mutation in CD28 distinguishes proliferative signals from survival signals. Nat 
Immunol 2:325–332

Park YC, Burkitt V, Villa AR, Tong L, Wu H (1999) Structural basis for self-association and 
receptor recognition of human TRAF2. Nature 398:533–538

Pelosi M, Di B, V, Mounier V, Mege D, Pascussi JM, Dufour E, Blondel A, Acuto O (1999) 
Tyrosine 319 in the interdomain B of ZAP-70 is a binding site for the Src homology 2 domain 
of Lck. J Biol Chem 274:14229–14237

Perry SJ, Baillie GS, Kohout TA, McPhee I, Magiera MM, Ang KL, Miller WE, McLean AJ, 
Conti M, Houslay MD, Lefkowitz RJ (2002) Targeting of cyclic AMP degradation to beta 
2-adrenergic receptors by beta-arrestins. Science 298:834–836

Pfrepper KI, Marie-Cardine A, Simeoni L, Kuramitsu Y, Leo A, Spicka J, Hilgert I, Scherer J, 
Schraven B (2001) Structural and functional dissection of the cytoplasmic domain of the 
transmembrane adaptor protein SIT (SHP2-interacting transmembrane adaptor protein). 
Eur J Immunol 31:1825–1836

Pivniouk V, Tsitsikov E, Swinton P, Rathbun G, Alt FW, Geha RS (1998) Impaired viability and 
profound block in thymocyte development in mice lacking the adaptor protein SLP-76. Cell 
94:229–238

Plas DR, Thompson CB (2003) Akt activation promotes degradation of tuberin and FOXO3a via 
the proteasome. J Biol Chem 278:12361–12366

Pomerantz JL, Denny EM, Baltimore D (2002) CARD11 mediates factor-specific activation of 
NF-kappaB by the T cell receptor complex. EMBO J 21:5184–5194

Priatel JJ, Teh SJ, Dower NA, Stone JC, Teh HS (2002) RasGRP1 transduces low-grade TCR 
signals which are critical for T cell development, homeostasis, and differentiation. Immunity 
17:617–627

Raab M, da Silva AJ, Findell PR, Rudd CE (1997) Regulation of Vav-SLP-76 binding by ZAP-70 
and its relevance to TCR zeta/CD3 induction of interleukin-2. Immunity 6:155–164

Rahmouni S, Aandahl EM, Trebak M, Boniver J, Tasken K, Moutschen M (2001) Increased 
cAMP levels and protein kinase (PKA) type I activation in CD4+ T cells and B cells contribute 
to retrovirus-induced immunodeficiency of mice (MAIDS): a useful in vivo model for drug 
testing. FASEB J 15:1466–1468

Rahmouni S, Aandahl EM, Nayjib B, Zeddou M, Giannini S, Verlaet M, Greimers R, Boniver 
J, Tasken K, Moutschen M (2004) Cyclo-oxygenase type 2-dependent prostaglandin E2 
secretion is involved in retrovirus-induced T-cell dysfunction in mice. Biochem J 
384:469–476

Rameh LE, Cantley LC (1999) The role of phosphoinositide 3-kinase lipid products in cell func-
tion. J Biol Chem 274:8347–8350

Rawlings DJ, Sommer K, Moreno-Garcia ME (2006) The CARMA1 signalosome links the signal-
ing machinery of adaptive and innate immunity in lymphocytes. Nat Rev Immunol 
6:799–812

Rebeaud F, Hailfinger S, Thome M (2007) Dlgh1 and Carma1 MAGUK proteins contribute to 
signal specificity downstream of TCR activation. Trends Immunol 28:196–200

Resh MD (2006) Palmitoylation of ligands, receptors, and intracellular signaling molecules. Sci 
STKE 2006:re14



360 K.M. Torgersen et al.

Reth M (1989) Antigen receptor tail clue. Nature 338:383–384
Rossman JS, Stoicheva NG, Langel FD, Patterson GH, Lippincott-Schwartz J, Schaefer BC 

(2006) POLKADOTS are foci of functional interactions in T-Cell receptor-mediated signaling 
to NF-kappaB. Mol Biol Cell 17:2166–2176

Round JL, Tomassian T, Zhang M, Patel V, Schoenberger SP, Miceli MC (2005) Dlgh1 
 coordinates actin polymerization, synaptic T cell receptor and lipid raft aggregation, and 
 effector function in T cells. J Exp Med 201:419–430

Round JL, Humphries LA, Tomassian T, Mittelstadt P, Zhang M, Miceli MC (2007) Scaffold 
protein Dlgh1 coordinates alternative p38 kinase activation, directing T cell receptor signals 
toward NFAT but not NF-kappaB transcription factors. Nat Immunol 8:154–161

Rowe DC, McGettrick AF, Latz E, Monks BG, Gay NJ, Yamamoto M, Akira S, O’Neill LA, 
Fitzgerald KA, Golenbock DT (2006) The myristoylation of TRIF-related adaptor molecule is 
essential for Toll-like receptor 4 signal transduction. Proc Natl Acad Sci USA 103:6299–6304

Ruefli-Brasse AA, French DM, Dixit VM (2003) Regulation of NF-kappaB-dependent lym-
phocyte activation and development by paracaspase. Science 302:1581–1584

Ruland J, Duncan GS, Elia A, del BB, I, Nguyen L, Plyte S, Millar DG, Bouchard D, Wakeham 
A, Ohashi PS, Mak TW (2001) Bcl10 is a positive regulator of antigen receptor-induced 
 activation of NF-kappaB and neural tube closure. Cell 104:33–42

Ruland J, Duncan GS, Wakeham A, Mak TW (2003) Differential requirement for Malt1 in T and 
B cell antigen receptor signaling. Immunity 19:749–758

Ruppelt A, Mosenden R, Grönholm M, Aandahl EM, Tobin D, Carlson CR, Abrahamsen H, 
Herberg FW, Carpén O, Tasken K (2007) Inhibition of T cell activation by cAMP 
requires lipid raft targeting of protein kinase A type I by the A-kinase anchoring protein 
Ezrin. J Immunol 179:5159–5168

Sabe H, Hata A, Okada M, Nakagawa H, Hanafusa H (1994) Analysis of the binding of the Src 
homology 2 domain of Csk to tyrosine-phosphorylated proteins in the suppression and mitotic 
activation of c-Src. Proc Natl Acad Sci USA 91:3984–3988

Sakaguchi N, Takahashi T, Hata H, Nomura T, Tagami T, Yamazaki S, Sakihama T, Matsutani 
T, Negishi I, Nakatsuru S, Sakaguchi S (2003) Altered thymic T-cell selection due to a 
 mutation of the ZAP-70 gene causes autoimmune arthritis in mice. Nature 426:454–460

Sakaguchi S, Ono M, Setoguchi R, Yagi H, Hori S, Fehervari Z, Shimizu J, Takahashi T, Nomura 
T (2006a) Foxp3+ CD25+ CD4+ natural regulatory T cells in dominant self-tolerance and 
autoimmune disease. Immunol Rev 212:8–27

Sakaguchi S, Sakaguchi N, Yoshitomi H, Hata H, Takahashi T, Nomura T (2006b) Spontaneous 
development of autoimmune arthritis due to genetic anomaly of T cell signal transduction: 
Part 1. Semin Immunol 18:199–206

Salvador JM, Mittelstadt PR, Guszczynski T, Copeland TD, Yamaguchi H, Appella E, Fornace 
AJ Jr, Ashwell JD (2005) Alternative p38 activation pathway mediated by T cell  receptor-
proximal tyrosine kinases. Nat Immunol 6:390–395

Sayos J, Wu C, Morra M, Wang N, Zhang X, Allen D, van SS, Notarangelo L, Geha R, Roncarolo 
MG, Oettgen H, De Vries JE, Aversa G, Terhorst C (1998) The X-linked lymphoproliferative-
disease gene product SAP regulates signals induced through the co-receptor SLAM. Nature 
395:462–469

Schaefer BC, Kappler JW, Kupfer A, Marrack P (2004) Complex and dynamic redistribution of 
NF-kappaB signaling intermediates in response to T cell receptor stimulation. Proc Natl Acad 
Sci USA 101:1004–1009

Schulze-Luehrmann J, Ghosh S (2006) Antigen-receptor signaling to nuclear factor kappa B. 
Immunity 25:701–715

Schwartzberg PL, Finkelstein LD, Readinger JA (2005) TEC-family kinases: regulators of 
T-helper-cell differentiation. Nat Rev Immunol 5:284–295

Sharpe AH, Freeman GJ (2002) The B7-CD28 superfamily. Nat Rev Immunol 2:116–126
Shima T, Nada S, Okada M (2003) Transmembrane phosphoprotein Cbp senses cell adhesion 

signaling mediated by Src family kinase in lipid rafts. Proc Natl Acad Sci USA 100:
14897–14902



Molecular Architecture of Signal Complexes Regulating Immune Cell Function 361

Sicheri F, Kuriyan J (1997) Structures of Src-family tyrosine kinases. Curr Opin Struct Biol 
7:777–785

Simeoni L, Smida M, Posevitz V, Schraven B, Lindquist JA (2005) Right time, right place: the 
organization of membrane proximal signaling. Semin Immunol 17:35–49

Singer AL, Bunnell SC, Obstfeld AE, Jordan MS, Wu JN, Myung PS, Samelson LE, Koretzky 
GA (2004) Roles of the proline-rich domain in SLP-76 subcellular localization and T cell 
function. J Biol Chem 279:15481–15490

Skalhegg BS, Landmark BF, Doskeland SO, Hansson V, Lea T, Jahnsen T (1992) Cyclic AMP-
dependent protein kinase type I mediates the inhibitory effects of 3′,5′-cyclic adenosine mono-
phosphate on cell replication in human T lymphocytes. J Biol Chem 267:15707–15714

Skalhegg BS, Tasken K, Hansson V, Huitfeldt HS, Jahnsen T, Lea T (1994) Location of cAMP-
dependent protein kinase type I with the TCR-CD3 complex. Science 263:84–87

Smith FD, Scott JD (2002) Signaling complexes: junctions on the intracellular information super 
highway. Curr Biol 12:R32–R40

Solheim SA, Torgersen KM, Taskén K, Berge T (2008) Regulation of FynT function by dual-
domain docking on Cbp/PAG. J Biol Chem 283:2773–2783.

Sommer K, Guo B, Pomerantz JL, Bandaranayake AD, Moreno-Garcia ME, Ovechkina YL, 
Rawlings DJ (2005) Phosphorylation of the CARMA1 linker controls NF-kappaB activation. 
Immunity 23:561–574

Sommers CL, Menon RK, Grinberg A, Zhang W, Samelson LE, Love PE (2001) Knock-in 
 mutation of the distal four tyrosines of linker for activation of T cells blocks murine T cell 
development. J Exp Med 194:135–142

Sommers CL, Park CS, Lee J, Feng C, Fuller CL, Grinberg A, Hildebrand JA, Lacana E, Menon 
RK, Shores EW, Samelson LE, Love PE (2002) A LAT mutation that inhibits T cell 
 development yet induces lymphoproliferation. Science 296:2040–2043

Stokka AJ, Gesellchen F, Carlson CR, Scott JD, Herberg FW, Tasken K (2006) Characterization 
of A-kinase-anchoring disruptors using a solution-based assay. Biochem J 400:493–499

Su YW, Zhang Y, Schweikert J, Koretzky GA, Reth M, Wienands J (1999) Interaction of SLP 
adaptors with the SH2 domain of Tec family kinases. Eur J Immunol 29:3702–3711

Sun L, Deng L, Ea CK, Xia ZP, Chen ZJ (2004) The TRAF6 ubiquitin ligase and TAK1 
kinase mediate IKK activation by BCL10 and MALT1 in T lymphocytes. Mol Cell 
14:289–301

Takeuchi S, Takayama Y, Ogawa A, Tamura K, Okada M (2000) Transmembrane phosphoprotein 
Cbp positively regulates the activity of the carboxyl-terminal Src kinase, Csk. J Biol Chem 
275:29183–29186

Tasken K, Aandahl EM (2004) Localized effects of cAMP mediated by distinct routes of protein 
kinase A. Physiol Rev 84:137–167

Tatsuo H, Ono N, Tanaka K, Yanagi Y (2000) SLAM (CDw150) is a cellular receptor for measles 
virus. Nature 406:893–897

Thomas ML, Brown EJ (1999) Positive and negative regulation of Src-family membrane kinases 
by CD45. Immunol Today 20:406–411

Thome M (2004) CARMA1, BCL-10 and MALT1 in lymphocyte development and activation. 
Nat Rev Immunol 4:348–359

Torgersen KM, Vaage JT, Levy FO, Hansson V, Rolstad B, Tasken K (1997) Selective activation 
of cAMP-dependent protein kinase type I inhibits rat natural killer cell cytotoxicity. J Biol 
Chem 272:5495–5500

Torgersen KM, Vang T, Abrahamsen H, Yaqub S, Horejsi V, Schraven B, Rolstad B, Mustelin T, 
Tasken K (2001) Release from tonic inhibition of T cell activation through transient 
 displacement of C-terminal Src kinase (Csk) from lipid rafts. J Biol Chem 276:29313–29318

Torgersen KM, Vang T, Abrahamsen H, Yaqub S, Tasken K (2002) Molecular mechanisms for 
protein kinase A-mediated modulation of immune function. Cell Signal 14:1–9

Tsukita S, Oishi K, Sato N, Sagara J, Kawai A, Tsukita S (1994) ERM family members as molec-
ular linkers between the cell surface glycoprotein CD44 and actin-based cytoskeletons. J Cell 
Biol 126:391–401



362 K.M. Torgersen et al.

Tuosto L, Michel F, Acuto O (1996) p95vav Associates with tyrosine-phosphorylated SLP-76 in 
antigen-stimulated T cells. J Exp Med 184:1161–1166

Turner M, Billadeau DD (2002) VAV proteins as signal integrators for multi-subunit  immune-
recognition receptors. Nat Rev Immunol 2:476–486

Turner M, Mee PJ, Walters AE, Quinn ME, Mellor AL, Zamoyska R, Tybulewicz VL (1997) A 
requirement for the Rho-family GTP exchange factor Vav in positive and negative selection 
of thymocytes. Immunity 7:451–460

Tybulewicz VL (2005) Vav-family proteins in T-cell signaling. Curr Opin Immunol 17:267–274
Underhill DM, Goodridge HS (2007) The many faces of ITAMs. Trends Immunol 28:66–73
Uren AG, O’Rourke K, Aravind LA, Pisabarro MT, Seshagiri S, Koonin EV, Dixit VM (2000) 

Identification of paracaspases and metacaspases: two ancient families of caspase-like proteins, 
one of which plays a key role in MALT lymphoma. Mol Cell 6:961–967

Vang T, Torgersen KM, Sundvold V, Saxena M, Levy FO, Skalhegg BS, Hansson V, Mustelin T, 
Tasken K (2001) Activation of the COOH-terminal Src kinase (Csk) by cAMP-dependent 
protein kinase inhibits signaling through the T cell receptor. J Exp Med 193:497–507

Vang T, Abrahamsen H, Myklebust S, Horejsi V, Tasken K (2003) Combined spatial and enzy-
matic regulation of Csk by cAMP and protein kinase a inhibits T cell receptor signaling. J Biol 
Chem 278:17597–17600

Vanhaesebroeck B, Alessi DR (2000) The PI3K-PDK1 connection: more than just a road to PKB. 
Biochem J 346 (Pt 3):561–576

Veillette A (2006) Immune regulation by SLAM family receptors and SAP-related adaptors. Nat 
Rev Immunol 6:56–66

Veillette A, Latour S, Davidson D (2002) Negative regulation of immunoreceptor signaling. Annu 
Rev Immunol 20:669–707

Walker JK, Fong AM, Lawson BL, Savov JD, Patel DD, Schwartz DA, Lefkowitz RJ (2003) 
Beta-arrestin-2 regulates the development of allergic asthma. J Clin Invest 112:566–574

Wang N, Satoskar A, Faubion W, Howie D, Okamoto S, Feske S, Gullo C, Clarke K, Sosa MR, 
Sharpe AH, Terhorst C (2004) The cell surface receptor SLAM controls T cell and  macrophage
functions. J Exp Med 199:1255–1264

Wang Y, Horvath O, Hamm-Baarke A, Richelme M, Gregoire C, Guinamard R, Horejsi V, 
Angelisova P, Spicka J, Schraven B, Malissen B, Malissen M (2005) Single and combined 
deletions of the NTAL/LAB and LAT adaptors minimally affect B-cell development and 
 function. Mol Cell Biol 25:4455–4465

Ward SG, Cantrell DA (2001) Phosphoinositide 3-kinases in T lymphocyte activation. Curr Opin 
Immunol 13:332–338

Ward SG, Westwick J, Hall ND, Sansom DM (1993) Ligation of CD28 receptor by B7 induces 
formation of D-3 phosphoinositides in T lymphocytes independently of T cell receptor/CD3 
activation. Eur J Immunol 23:2572–2577

Weber JR, Orstavik S, Torgersen KM, Danbolt NC, Berg SF, Ryan JC, Tasken K, Imboden JB, 
Vaage JT (1998) Molecular cloning of the cDNA encoding pp36, a tyrosine-phosphorylated 
adaptor protein selectively expressed by T cells and natural killer cells. J Exp Med 
187:1157–1161

West AP, Koblansky AA, Ghosh S (2006) Recognition and signaling by toll-like receptors. Annu 
Rev Cell Dev Biol 22:409–437

Wiest DL, Ashe JM, Howcroft TK, Lee HM, Kemper DM, Negishi I, Singer DS, Singer A, Abe 
R (1997) A spontaneously arising mutation in the DLAARN motif of murine ZAP-70 
 abrogates kinase activity and arrests thymocyte development. Immunity 6:663–671

Willis TG, Jadayel DM, Du MQ, Peng H, Perry AR, bdul-Rauf M, Price H, Karran L, 
Majekodunmi O, Wlodarska I, Pan L, Crook T, Hamoudi R, Isaacson PG, Dyer MJ (1999) 
Bcl10 is involved in t(1;14)(p22;q32) of MALT B cell lymphoma and mutated in multiple 
tumor types. Cell 96:35–45

Wu J, Motto DG, Koretzky GA, Weiss A (1996) Vav and SLP-76 interact and functionally 
 cooperate in IL-2 gene activation. Immunity 4:593–602



Molecular Architecture of Signal Complexes Regulating Immune Cell Function 363

Wunderlich L, Farago A, Downward J, Buday L (1999) Association of Nck with tyrosine-
 phosphorylated SLP-76 in activated T lymphocytes. Eur J Immunol 29:1068–1075

Xavier R, Brennan T, Li Q, McCormack C, Seed B (1998) Membrane compartmentation is 
required for efficient T cell activation. Immunity 8:723–732

Xavier R, Rabizadeh S, Ishiguro K, Andre N, Ortiz JB, Wachtel H, Morris DG, Lopez-Ilasaca M, 
Shaw AC, Swat W, Seed B (2004) Discs large (Dlg1) complexes in lymphocyte activation. J 
Cell Biol 166:173–178

Xu S, Huo J, Tan JE, Lam KP (2005) Cbp deficiency alters Csk localization in lipid rafts but does 
not affect T-cell development. Mol Cell Biol 25:8486–8495

Yablonski D, Kuhne MR, Kadlecek T, Weiss A (1998). Uncoupling of nonreceptor tyrosine 
kinases from PLC-gamma1 in an SLP-76-deficient T cell. Science 281:413–416

Yablonski D, Kadlecek T, Weiss A (2001) Identification of a phospholipase C-gamma1 (PLC-
gamma1) SH3 domain-binding site in SLP-76 required for T-cell receptor-mediated activation 
of PLC-gamma1 and NFAT. Mol Cell Biol 21:4208–4218

Yamasaki S, Nishida K, Sakuma M, Berry D, McGlade CJ, Hirano T, Saito T (2003) Gads/Grb2-
mediated association with LAT is critical for the inhibitory function of Gab2 in T cells. Mol 
Cell Biol 23:2515–2529

Yasuda K, Nagafuku M, Shima T, Okada M, Yagi T, Yamada T, Minaki Y, Kato A, Tani-Ichi S, 
Hamaoka T, Kosugi A (2002) Cutting edge: Fyn is essential for tyrosine phosphorylation of 
Csk-binding protein/phosphoprotein associated with glycolipid-enriched microdomains in 
lipid rafts in resting T cells. J Immunol 169:2813–2817

Yasuda T, Bundo K, Hino A, Honda K, Inoue A, Shirakata M, Osawa M, Tamura T, Nariuchi H, 
Oda H, Yamamoto T, Yamanashi Y (2007) Dok-1 and Dok-2 are negative regulators of T cell 
receptor signaling. Int Immunol 19:487–495

Yonemura S, Hirao M, Doi Y, Takahashi N, Kondo T, Tsukita S, Tsukita S (1998) Ezrin/radixin/
moesin (ERM) proteins bind to a positively charged amino acid cluster in the juxta-membrane 
cytoplasmic domain of CD44, CD43, and ICAM-2. J Cell Biol 140:885–895

Zaccolo M, Pozzan T (2002) Discrete microdomains with high concentration of cAMP in 
 stimulated rat neonatal cardiac myocytes. Science 295:1711–1715

Zhang W, Sloan-Lancaster J, Kitchen J, Trible RP, Samelson LE (1998a) LAT: the ZAP-70 
 tyrosine kinase substrate that links T cell receptor to cellular activation. Cell 92:83–92

Zhang W, Trible RP, Samelson LE (1998b) LAT palmitoylation: its essential role in membrane 
microdomain targeting and tyrosine phosphorylation during T cell activation. Immunity 
9:239–246

Zhang W, Irvin BJ, Trible RP, Abraham RT, Samelson LE (1999a) Functional analysis of LAT in 
TCR-mediated signaling pathways using a LAT-deficient Jurkat cell line. Int Immunol 
11:943–950

Zhang W, Sommers CL, Burshtyn DN, Stebbins CC, DeJarnette JB, Trible RP, Grinberg A, Tsay 
HC, Jacobs HM, Kessler CM, Long EO, Love PE, Samelson LE (1999b) Essential role of LAT 
in T cell development. Immunity 10:323–332

Zhang W, Trible RP, Zhu M, Liu SK, McGlade CJ, Samelson LE (2000) Association of Grb2, 
Gads, and phospholipase C-gamma 1 with phosphorylated LAT tyrosine residues. Effect of 
LAT tyrosine mutations on T cell angigen receptor-mediated signaling. J Biol Chem 
275:23355–23361

Zhu M, Liu Y, Koonpaew S, Granillo O, Zhang W (2004) Positive and negative regulation of 
FcepsilonRI-mediated signaling by the adaptor protein LAB/NTAL. J Exp Med 
200:991–1000

Zhu M, Koonpaew S, Liu Y, Shen S, Denning T, Dzhagalov I, Rhee I, Zhang W (2006) Negative 
regulation of T cell activation and autoimmunity by the transmembrane adaptor protein LAB. 
Immunity 25:757–768

Zipfel PA, Zhang W, Quiroz M, Pendergast AM (2004) Requirement for Abl kinases in T cell 
receptor signaling. Curr Biol 14:1222–1231



Scaffolding Proteins at the Postsynaptic 
Density: Shank as the Architectural 
Framework

H.-J. Kreienkamp

Contents

1 Scaffold Proteins of the Postsynaptic Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  366
2 Domain Structure of the Shank Proteins  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  367
3 Physiological Role of Shank Proteins  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  368
4 Molecular Interactions of Shank Scaffolds: Self Association  . . . . . . . . . . . . . . . . . . . . .  368
5 Molecular Interactions of Shank Scaffolds: Anchoring of Postsynaptic 

Membrane Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  370
6 Molecular Interactions of Shank Scaffolds: Linkages to the Actin-Based

Cytoskeleton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  372
7 Molecular Interactions of Shank Scaffolds: Signaling Proteins . . . . . . . . . . . . . . . . . . . .  373
8 Dynamic Regulation of PSD Scaffold Proteins at the Synapse . . . . . . . . . . . . . . . . . . . .  375
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  376

Abstract Shank proteins are multidomain scaffold proteins of the postsynaptic 
density, connecting neurotransmitter receptors and other membrane proteins with 
signaling proteins and the actin cytoskeleton. By virtue of their protein interactions, 
Shank proteins assemble signaling platforms for G-protein-mediated signaling and 
the control of calcium homeostasis in dendritic spines. In addition, they participate 
in morphological changes, leading to maturation of dendritic spines and synapse 
formation. The importance of the Shank scaffolding function is demonstrated 
by genetically determined forms of mental retardation, which may be caused by 
 haploinsufficiency for the SHANK3 gene. Consistent with its central function within 
the postsynaptic density, the availability of Shank is tightly controlled by local syn-
thesis and degradation, as well as actin-dependent dynamic  rearrangements within 
the dendritic spine.

H.-J. Kreienkamp
Institut für Humangenetik, Universitätsklinikum Hamburg-Eppendorf, Martinistrasse 52, 
20246 Hamburg Germany
kreienkamp@uke.uni-hamburg.de

E. Klussmann, J. Scott (eds.) Protein–Protein Interactions as New Drug Targets.  365
Handbook of Experimental Pharmacology 186,
© Springer-Verlag Berlin Heidelberg 2008



366 H.-J. Kreienkamp

1 Scaffold Proteins of the Postsynaptic Density

In the postsynaptic density (PSD) of excitatory (usually glutamatergic) synapses of 
the central nervous system, cell surface transmitter receptors are physically 
 connected with components of their signal transduction machinery and the actin 
cytoskeleton. The PSD is usually located at the tip of dendritic protrusions of about 
1–2 µm length, termed dendritic spines, separated from the presynaptic  transmitter-
containing terminal by the synaptic cleft (Fig. 1).

One of the hallmarks of the PSD is its size; hundred(s) of different proteins 
 contribute to a large insoluble complex that accumulates a molecular weight of 
about 1.5 GDa (Chen et al. 2005). Thus, there is a strong need for scaffolds to 
keep this assembly together through various protein interaction motifs. Some of 
the  scaffold proteins of the PSD, such as A-kinase anchoring proteins (AKAPs) 
or S-Scam/MAGI-proteins, are important in other large protein complexes; oth-
ers, such as the SAP/PSD-95 family members, SAPAP/GKAPs, Homer and 
Shank proteins, are rather specific to the PSD of excitatory synapses. Here I 
will focus on the role of SH3- and ankyrin-containing proteins (Shank1-3; 
Naisbitt et al. 1999, also known as somatostatin receptor interacting protein, 
SSTRIP; Zitzer et al. 1999a; proline-rich synapse-associated protein, ProSAP; 

Fig. 1 (a) Section of a dendrite from the mouse cerebral cortex, stained by the Golgi technique. 
Numerous dendritic spines are clearly visible. (b) Electron micrograph of a section from the 
mouse hippocampus. The PSD is visible as a black (i.e., electron dense) structure at the top of the 
spine. (c) Domain structure and possible splice variants of Shank proteins. Note that not all alter-
natively spliced inserts have been described for all three Shank genes
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Boeckers et al. 1999a; synamon, Yao et al. 1999; cortactin binding protein, 
CortBP1; Du et al. 1998) in the maturation, function and dynamics of postsyn-
aptic specializations.

2 Domain Structure of the Shank Proteins

Three genes coding for Shank isoforms have been discovered in various mamma-
lian species; all three forms, labeled Shank1-3, are expressed strongly in the central 
nervous system. In addition, individual isoforms are expressed at lower levels in 
peripheral tissues (Lim et al. 1999). All three Shank forms are characterized by a 
common series of protein interaction motifs or domains, i.e., a set of ankyrin 
repeats, followed by SH3- and PDZ-domains, a rather long proline-rich region and 
a C-terminal SAM domain (Fig. 1). The calculated molecular weights range from 
130 to 230 kDa; in Western blot experiments, these forms migrate at apparent 
molecular weights ranging from 180 kDa to more than 250 kDa. This  difference is 
probably due to a large proportion of unfolded protein regions within the 1,000-
aa-long proline-rich region.

Western blot analysis also indicates the presence of multiple molecular forms of 
Shank proteins in which individual parts of the domain structure may be missing 
due to alternative splicing and alternative promoter usage (Lim et al. 1999; 
Boeckers et al. 1999a; see Fig. 1). Thus, the major form of Shank2 expressed in the 
brain does not contain the ankyrin and SH3 domains; the term “Shank”  therefore 
does not really apply to this protein, and the alternative ProSAP makes indeed more 
sense. This form occurs due to a transcriptional start site within the long intron 
separating the genomic segments coding for SH3 and PDZ domains. A “full-length”
form of Shank2 containing SH3 and ankyrin regions is expressed mostly in epithelial
cells and has been labeled Shank2E (McWilliams et al. 2004).

In neurons, Shank proteins have been localized almost exclusively to the postsy-
naptic specialization of excitatory synapses. Biochemical preparations indicate a 
very strong enrichment in the PSD, and Shank immunoreactivity is in fact one of 
the most reliable markers for the PSD (Boeckers 1999a; Naisbitt et al. 1999; Zitzer 
et al. 1999a). Quantitative analyses have led to an estimate of about 100 Shank 
molecules per mature PSD complex (Chen et al. 2005; Sugiyama et al. 2005). 
A detailed analysis by immunogold electron microscopy indicated that the majority 
of Shank is located deep within the PSD, at a position remote from the synaptic 
plasma membrane. In contrast, glutamate receptors and their directly associated 
scaffold proteins from the SAP/PSD-95 family are located at the surface of the 
PSD, in direct contact with the plasma membrane (Valtschanoff and Weinberg 2001). 
Shank proteins are therefore not considered to provide a direct scaffolding function 
for transmitter receptors, but rather work indirectly by connecting different types of 
scaffold/receptor complexes, leading to the concept of a “master” or “higher order” 
scaffold. This view is strongly supported by the different protein interactions in 
which Shank proteins are involved, as detailed below.
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3 Physiological Role of Shank Proteins

The physiological relevance of Shank proteins is most likely directly related to its 
role as a scaffold protein in the PSD. Initial overexpression experiments by Sala 
et al. (2001) demonstrated that increased levels of Shank lead to earlier maturation 
of the postsynapse and an increased size of dendritic spines, both through the 
enhanced recruitment of associated proteins (most notably Homer) and structures 
(Homer/IP3-receptor-associated ER membranes) to the postsynaptic site. Shank 
 over-expression is sufficient to induce the generation of spines in otherwise 
 spineless neurons, such as the cerebellar granule cells (Roussignol et al. 2005). 
Mice  deficient in the Shank1 gene have been generated and are viable (Hung et al. 
2005), but a detailed analysis of these mice remains to be published.

So far, it is unclear whether individual Shank family members fulfill unique 
physiological functions. The structural similarity between Shank isoforms led to 
the observation that many (but not all) interaction partners of Shank proteins at the 
synapse, such as GKAP/SAPAP or Homer, are equally recognized by all three 
 family members (Boeckers et al. 1999b; Naisbitt et al. 1999). The expression 
 patterns of the three genes in different brain regions, as determined by in situ 
hybridization experiments, are only partially overlapping. Thus, the thalamus is 
characterized by high levels of Shank3 transcripts, whereas Shank1 and Shank2 are 
only weakly expressed. Within the cerebellum, expression of Shank3 is restricted 
to granule cells, while Shank1 and Shank2 are found only in the Purkinje cell layer. 
Principal neurons of cortex and hippocampus are likely to coexpress all three Shank 
genes (Boeckers et al. 2004; Lim et al. 1999).

The relatively strong effect of mutations in the human SHANK3 gene argues for 
a specific functional role of this protein, as similar disease-associated mutations in 
the other SHANK genes have not been detected so far. The SHANK3 gene is located 
on the distal arm of chromosome 22q13.3 and may be lost due to chromosomal 
translocations (Bonaglia et al. 2001) or deletions (in the 22q13.3 microdeletion 
syndrome, a disorder that affects about 1 in 200,000 people). In addition, point 
mutations leading to frame shifts or alterations in the protein sequence have been 
described recently (Durand et al. 2007). Affected patients suffer from severe mental 
retardation, delayed speech and autism. The current view is that the haploinsuffi-
ciency of the SHANK3 gene leads to a lack of functional Shank proteins, which may 
be critical for the maturation of dendritic spines and formation of synapses.

4  Molecular Interactions of Shank Scaffolds: 
Self Association

One of the most prominent interaction partners of Shank proteins is the Shank 
 proteins themselves. The C-terminal sterile alpha motif (the SAM domain), which 
is required for the correct synaptic targeting of Shank2 and Shank3 (but not 
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Shank1; Boeckers et al. 2005; Sala et al. 2001), has a strong ability to self- associate. 
Three-dimensional structures of the recombinant Shank3 SAM domain led to the 
identification of an extended surface area that is available for polymerization.

The SAM domains first assemble into helical filamentous structures, which then 
may pack alongside each other, leading to the formation of a two-dimensional array 
(Baron et al. 2006). Interdomain contacts generate binding sites for Zn2+ that further 
stabilize the sheet. Site-directed mutagenesis and expression of mutant constructs in 
cultured neurons indicated that intact Zn2+-binding sites and the ability to  polymerize 
are required for correct postsynaptic targeting of the Shank3 protein. Baron et al. 
(2006) argued that the arraying capacity of the Shank SAM domains may provide a 
driving force in PSD assembly and that the Zn2+-dependent addition or removal of 
Shank monomers might contribute to structural plasticity of the  postsynaptic scaffold 
(see also Gundelfinger et al. 2006). Intriguingly, Jan et al. (2002) have reported that 
Zn2+ can trigger the reassembly of a denatured PSD  preparation in vitro, further 
supporting the functional relevance of the SAM domain/Zn2+ complex.

Further self-association is provided by the PDZ domain, which, besides 
 binding various membrane receptors and signaling proteins (see below), also has 
the capacity to form dimers, as observed in the high-resolution structure obtained 
from the Shank1 PDZ domain in complex with the PDZ ligand motif derived 
from GKAP/SAPAP (Im et al. 2003). Taken together with the remarkable 
 capacities of the SAM domain, this should already be enough self-association to 
provide for a complex network of Shank protein molecules. Nevertheless, one 
more mode of binding between two Shank molecules has been detected in the 
N-terminal part of the proteins. Direct binding between SH3- and ankyrin-repeat 
domains also contributes to the ability of Shank to form large molecular aggre-
gates, independent of the C-terminal domains. When expressed recombinantly in 
COS cells (i.e., in the absence of other synaptic interaction partners of Shank), 
SH3-Ank concatemerization leads to filamentous aggregates of Shank1 that are 
deposited in aggresomes, possibly followed by proteasomal degradation (Romorini 
et al. 2004). Association with GKAP and PSD-95, either from endogenous sup-
plies in neurons or coexpressed in COS cells, prevents aggregation/degradation, 
leading to formation of Shank/GKAP/PSD-95 clusters instead. Besides pointing 
to an intricate network of intra- and intermolecular interactions regulating the 
assembly of Shank-containing clusters, this may also tell us two things: (1) Shank 
is instable on its own, particularly when not attached to the GKAP/PSD-95 com-
plex; (2) the fact that overexpressed Shank in neurons is not instable suggests that 
there are enough interaction partners (enough GKAP/PSD-95 in particular) to 
support it; in turn, the availability of Shank (rather than GKAP/PSD-95) should 
be the limiting factor for postsynaptic complex formation. This would provide a 
straightforward explanation for the striking effects of haploinsufficiency for the 
SHANK3 gene. The lack of one functional copy of the gene would thus lead to 
severe neurological deficits because individual neurons cannot provide enough 
Shank protein for synapse development and maintenance. In addition, it makes 
sense that the amount of Shank protein in dendrites is tightly controlled, most 
likely by local synthesis derived from dendritically  transported mRNAs, and 
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activity-dependent degradation through the ubiquitin proteasome system 
(Boeckers et al. 2004; Ehlers, 2003; see below).

5  Molecular Interactions of Shank Scaffolds: 
Anchoring of Postsynaptic Membrane Proteins

Shank proteins interact directly as well as indirectly with postsynaptic membrane 
proteins and membrane proteins in epithelial tissues, such as kidney and lung; direct 
interactions are mediated by the PDZ domain, which is recognized by type I PDZ 
ligand motifs (sequence: …Xxx-Ser/Thr-Xxx-Ile/Leu-COO−) at the C-termini of various 
transmembrane proteins, including G-protein coupled receptors (GPCRs), cell adhesion 
molecules, ion channels and transport proteins (Kim et al. 2004; Kreienkamp et al. 
2000; Lee et al. 2007; Olson et al. 2005; Tobaben et al. 2000; Shi et al. 2004; Schuetz 
et al. 2004; Uemura et al. 2004; Zhang et al. 2005; Zitzer et al. 1999a,b). Postsynaptic 
ionotropic glutamate receptors may also be attached directly to the PDZ domain of 
Shank (in the case of the GluR-δ2 subunit; Uemura et al. 2004). However, the majority 
of AMPA- and NMDA-type receptors does not bind to Shank directly; instead, these 
are anchored via PSD-95 proteins, also through PDZ-type interactions. In case of 
AMPA receptors this is achieved through the accessory protein stargazin (e.g., Chen 
et al. 2000), whereas NMDA receptors interact directly with PSD-95 through the 
C-terminal tails of their NMDAR2-subunits (Kornau et al. 1995). PSD-95 contains a 
domain similar to guanylate kinases, which does not harbor any enzymatic activity 
but binds to guanylate kinase- associated proteins (GKAP; also termed SAP-associated 
proteins, SAPAP1-4; Kim et al. 1997; Takeuchi et al. 1997; see Fig. 2).

GKAP/SAPAPs then interact with the PDZ domains of Shank (Boeckers et al. 
1999b; Naisbitt et al. 1999; Yao et al. 1999), providing a rationale for the remote 

Fig. 2 Integration of different postsynaptic glutamatergic receptor systems through Shank and the 
attached proteins PSD-95, SAPAP and Homer. The ability of the Shank SAM domain to multimerize 
is indicated
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position of Shank with respect to the postsynaptic plasma membrane as described by 
Valtschanoff and Weinberg (2001). G-protein coupled metabotropic glutamate recep-
tors (mGluRs) are again indirectly linked to Shank; the intermediate Homer proteins 
have the ability to dimerize via a coiled-coil motif (Tu et al. 1999). Through addi-
tional Ena/VASP homology (EVH) domains, Homer binds to Pro-Pro-Xxx-Xxx-Phe 
sequences in the mGluR C-Terminal tails and Shank, respectively, thereby physically 
connecting both proteins. One consequence of this complex system of interactions is 
a tight connection between the metabotropic and ionotropic glutamate receptor sys-
tems of the PSD (Naisbitt et al. 1999; Tu et al. 1999; see Fig. 2). However, the rele-
vance of the Homer/Shank interaction is not limited to the functional integration of 
cell surface receptors, as another proline-rich ligand motif for the Homer EVH 
domain is found in the ER-associated receptors for inositol trisphosphate (IP3-receptors). 
Sala et al. (2001, 2003, 2005) have shown that through this interaction ER cisternae 
are targeted to dendritic spines; the ability of Shank1 to enhance the functional 
maturation of dendritic spines is critically dependent on its interaction with Homer 
and the ability to recruit ER-type membranes to the spine.

The notion that the presence of Shank is crucial for the establishment of 
 transmitter-dependent Ca-release from intracellular stores at the postsynaptic site is 
further supported by the observation that an isoform of phospholipase C (PLC-β3)
binds to the PDZ domain of Shank2 (Hwang et al. 2005). Thus, with the exception 
of the heterotrimeric G-proteins, all components of mGluR/PLC-β3/IP3-R/Ca-signaling
in spines are organized by the Shank/Homer scaffold function (Fig. 3).

Fig. 3 Signaling complex for the activation of phospholipase C. Note that due to the dimeric 
nature of Homer, it could also bridge IP3 receptors and mGluR directly. Heterotrimeric G-proteins 
were omitted for clarity
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Interestingly, the Shank/Homer complex may also be involved in the regulation 
of L-type Ca-channels, another downstream effector molecule for GPCR signaling. 
In spiny striatal neurons, channels containing the Cav1.3 subunit bind to the PDZ 
and SH3 domains of Shank. Modulation of channel activity by dopaminergic (D2) 
and muscarinergic (M1) receptors requires association of the channel with the 
Shank/Homer complex, as competitive blockers of the Shank PDZ domain, as well 
as the Homer EVH domain, prevent this type of regulation (Olson et al. 2005; 
Zhang et al. 2005). At present it is unclear whether the GPCRs involved are also 
physically associated with Shank proteins.

6  Molecular Interactions of Shank Scaffolds: Linkages 
to the Actin-Based Cytoskeleton

Shank proteins interact with several actin-binding proteins, including α-fodrin/
spectrin (which binds to the N-terminal ankyrin repeat region; Boeckers et al. 
2001), cortactin (Du et al. 1998), actin-binding protein 1 (Abp1; Qualmann et al. 
2004) and the insulin receptor substrate of 53 kDa (IRSp53; Bockmann et al. 2002; 
Soltau et al. 2002). Cortactin, Abp1 and IRSp53 are attached to individual motifs 
in the proline-rich region of Shank proteins through their SH3 domains. IRSp53 
also binds to the second PDZ domain of PSD-95 via its C-terminus, suggesting that 
it may provide a bridging function between Shank and PSD-95, similar to GKAP/
SAPAP proteins (Soltau et al. 2004). As the cytoskeleton of dendritic spines is 
mostly formed by F-actin, it is expected that the interactions with F-actin-binding 
proteins link Shank and its associated proteins to the cytoskeleton of the spine 
(Fig. 4). However, this is not likely to represent a static anchoring function, as the 
actin filaments of spines are subject to actin treadmilling and are in fact highly 
dynamic in response to synaptic activity (Fischer et al. 1998, 2000). For IRSp53 
and Abp1 it was shown that they translocate to the spine or the PSD after stimulation
of NMDA receptors, whereas cortactin is removed from the spine under  similar 

Fig. 4 Linkages to the actin cytoskeleton mediated by Shank-associated proteins. Arrows indicate 
proteins that translocate to or from the spine in response to synaptic activity
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stimulating conditions (Hering and Sheng 2003). The interaction of IRSp53 with 
PSD proteins is in fact regulated by several signaling pathways; the small GTPase 
cdc42 binds to a CRIB-motif in IRSp53, thus enabling access of a segment of the 
proline-rich region of Shank to the SH3 domain of IRSp53 (Soltau et al. 2002). In 
addition, activation of protein kinase C is required for the translocation of IRSp53 
to the PSD (Hori et al. 2005). Thus, these Shank-associated F-actin  binding pro-
teins might be involved in activity-dependent rearrangements of the actin network 
that are required for changes in spine structure and eventually  contribute to synaptic 
plasticity. However, it remains unclear at present exactly what kind of restructuring 
of F-actin occurs; cortactin contains a motif that recruits the Arp2/3 complex to 
existing actin filaments, leading to the nucleation of new actin branches (e.g., 
Weaver et al. 2002). Similarly, IRSp53 may activate WAVE2 in dendrites (Choi et 
al. 2005), which also contributes to actin nucleation via Arp2/3 (Miki et al. 2000). 
However, interaction of IRSp53 with the actin capping protein Eps8 activates its 
own actin-bundling activity. Whereas the synergistic actin-bundling activity of the 
Eps8/IRSp53 complex causes formation of filopodia in fibroblasts (Disanza et al. 
2006), it is not yet known how these different actin regulatory activities affect den-
dritic morphology. With respect to Shank, it also remains unclear whether Shank is 
required to localize actin regulators (thus  performing a scaffolding function “only”) 
or whether Shank proteins themselves become part of a signaling chain.

7  Molecular Interactions of Shank Scaffolds:
Signaling Proteins

Several interactors of the Shank PDZ domains have been suggested to play a role 
in morphogenic signaling within spines. Most notable, the guanine nucleotide 
exchange factor βPIX is attached to Shank via this type of interaction, involving the 
C-terminal PDZ ligand motif of PIX and an additional leucine zipper, also located 
in the C-terminal region of βPIX (Park et al. 2003). βPIX is an exchange factor for 
rho GTPases, in particular for cdc42 and rac. Both GTPases have been implicated 
in the localized restructuring of actin networks in neurons and other cell types. Rac 
has been implicated in the generation of dendritic spines; one downstream effector 
for rac (and cdc42), the p21-activated protein kinase (PAK1-3), also interacts with 
βPIX and can be targeted to the postsynaptic density through the Shank/βPIX com-
plex (Park et al. 2003). In addition, the interaction between IRSp53 and Shank (see 
above) is dependent on prior activation of IRSp53 by cdc42 (Soltau et al. 2002). 
Thus, it is conceivable that Shank and associated proteins form a signalosome com-
plex for rho-type GTPases. Though it is not known what the final signaling output 
of this complex may be, a role in the structural maturation of spines is likely.

The concept that Shank establishes a signaling platform at the synapse is further 
supported by recent findings by Proepper et al. (2007), who identified an  interaction
of a proline-rich segment of Shank2 and Shank3 (but not Shank1) with the SH3 
domain of the Abelson tyrosine kinase interacting protein 1 (Abi-1). In non- neuronal
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cell types, Abi-1 has been mainly implicated in signaling from receptor tyrosine 
kinases to the activation of rac, and furthermore to restructuring of the actin 
cytoskeleton. Abi-1 is localized to the PSD through interaction with Shank, and 
depletion of Abi-1 by RNA interference interferes with spine maturation and syn-
apse formation, while in parallel allowing for excessive formation of dendritic 
branches. This may be ascribed to known actin-regulatory functions of Abi-1, 
which are tethered to locations of active synaptogenesis by Shank. Furthermore, 
once the PSD has been established, Abi-1 appears to assume a new type of  signaling 
function as it travels from the PSD to the nucleus after synaptic stimulation of 
NMDA receptors. Within the nucleus, Abi-1 is involved in transcriptional 
 regulation, suggesting that Abi-1 constitutes one of the cellular messengers turning 
a short-term synaptic stimulus into long-term changes in gene expression (Proepper 
et al. 2007).

We have identified an interaction of the SH3 domain of Shank1 and Shank3 
with the PSD scaffold protein densin-180; in the PSD, densin-180 can interact 
additionally with the Ca-/calmodulin-dependent kinase II and α-actinin (Strack 
et al. 2000; Robison et al. 2005). Interestingly, the N-terminal leucine-rich repeat 
region of densin-180 contributes to neuronal morphology by generating  excessively 
branched dendrites in overexpression experiments. The effects of densin 
 overexpression suggest that it is involved in signaling via δ-catenin, which also 
contributes strongly to dendrite branching when overexpressed (Martinez et al. 
2003). Similar to Shank, δ-catenin interacts with the C-terminal region of densin 
(Izawa et al. 2002) and appears to act synergistically with densin on branching 
(unpublished data). One aspect of how Shank interferes with the effect of  densin-
180 on branching may be that it competitively blocks interaction of δ-catenin with 
densin. So far, it is however unclear how this is transduced to the N-terminal 
 leucine-rich repeat region of densin, which is the main effector region regulating 
neuronal morphology. Densin is recruited into PSD-type clusters when Shank is 
coexpressed in neurons, again confirming the role of Shank in the maturation of the 
postsynapse (Quitsch et al. 2005).

For some interaction partners of Shank, their role at the synapse remains 
 somewhat enigmatic at present. Sharpin binds to the ankyrin repeat region of Shank 
proteins and may add to the formation of Shank-containing protein clusters at the 
PSD, as it contains an N-terminal dimerization motif. However, sharpin expression 
is not limited to neurons, and even in neurons substantial amounts of the protein are 
found in non-synaptic compartments where it is likely to fulfill a so far unknown 
function (Lim et al. 2001).

Another potentially very interesting contact occurs between dynamin-2 and a 
sequence element within the proline-rich region of Shank1 and Shank2 contain-
ing multiple serine residues (Okamoto et al. 2001). Dynamin isoforms are 
GTPases that are known as essential elements of the endocytotic machinery. 
Dynamin-2 tethered to the PSD via Shank may play a role in the endocytosis of 
ionotropic glutamate receptors of the AMPA- or NMDA-type (Scott et al. 2004). 
However, no direct function for dynamin-2 in these processes has so far been 
demonstrated.
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8  Dynamic Regulation of PSD Scaffold Proteins 
at the Synapse

One of the most intriguing aspects concerning the PSD is the question when and 
where it is assembled, and which molecular signals trigger complex assembly at 
the correct point in time and space. An array of modern imaging techniques has 
been unleashed on this complex of questions, using fluorescent protein expression 
 constructs of PSD proteins in fluorescence recovery, photoactivation and other 
time-lapse video microscopy applications. Unfortunately the results of these stud-
ies are so far conflicting; experiments performed by Ziv and colleagues argue that 
 formation of postsynaptic clusters of GFP-labeled PSD-95 occurs after the 
 formation of a detectable presynaptic active zone (Friedman et al. 2000). Shank 
and other prominent PSD proteins gradually co-accumulate within these postsyn-
aptic clusters, apparently from diffuse cytoplasmic stores. As the rate of 
 incorporation into these complexes is similar for several of the postsynaptic 
 proteins studied, Bresler et al. (2004) have argued that PSD assembly occurs 
locally in the dendrite by stepwise addition of individual components to the 
 complex. This is in  remarkable contrast to the presynaptic cytomatrix of the active 
zone, which travels through axons in the form of preassembled transport packages. 
Only few of these packages or quanta are required for the formation of functional 
synapses (Shapira et al. 2003).

An alternative view to the gradual assembly of postsynaptic complexes has been 
provided recently by Gerrow et al. (2006); they observed mobile, non-synaptic clus-
ters containing PSD-95, GKAP/SAPAP and Shank proteins traveling through the 
dendrite, apparently on their way to nascent or existing synapses. Assembly or 
 clustering of these complexes should then occur before the establishment of axonal 
contact, probably in the cell body. At present it is not easily possible to reconcile the 
differences between these diverging views; however, differences in the  experimental 
setup, such as the age of neuronal cultures and the use of different expression con-
structs, may complicate the analysis of these experimental findings.

Once incorporated into the PSD, one might assume that due to its multiple 
 interactions with other proteins scaffold proteins Shank would be present in the PSD 
for a rather long period of time. However, this would be inconsistent with the 
requirements for rapid structural rearrangements of synapses that accompany 
 synaptic plasticity. Indeed, using photoactivatable versions of Shank3 in live 
 imaging experiments, Tsuriel et al. (2006) have observed that Shank3 may be 
released from individual PSDs and redistributed to other PSDs in the vicinity 
within a relatively short time frame (in the 10–30-min range). Rapid turnover of 
Shank is enhanced by synaptic activity and depends on the presence of F-actin in 
spines (Kuriu et al. 2006), suggesting a role of the various F-actin binding proteins 
attached to the proline-rich region of Shank in remodeling of the PSD complex.

The case of Shank proteins illustrates that the delivery of scaffold proteins to the 
PSD complex may be rather complicated. mRNAs coding for all three Shank 
 isoforms have been detected not only in neuronal cell bodies, but also in dendrites 
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(Boeckers et al. 2004), suggesting the possibility that Shank proteins are synthe-
sized locally in dendrites on ribosomes that have been detected at the base of 
 dendritic spines (Steward and Levy 1982). Dendritic transport of the Shank1 
mRNA depends on a targeting element in its 3′ untranslated region. Consistent with 
the assumption that the localization of mRNAs serves a function in locally restrict-
ing the synthesis of a protein, Shank1 translation is strongly inhibited by sequences 
in the 5′ UTR (unpublished data); thus, Shank1 synthesis would be blocked during 
transport of the mRNA to its dendritic destination, and translation would only be 
initiated by a local stimulus (which currently remains to be elucidated). Shank 
 protein produced locally “on demand” might provide a driving force for maturation 
of the dendritic spine and assembly of the PSD complex.

The number of other mRNAs coding for PSD proteins that are localized in 
 dendrites is rather limited; the most notable example is the α-subunit of the 
 calmodulin-dependent protein kinase (αCaMKII); dendritic presence of this mRNA 
is required for synaptic plasticity, as detected in long-term potentiation paradigms 
(Miller et al. 2002). Of the multidomain structural proteins of the PSD, only the 
mRNA coding for the SAPAP/GKAP isoform 3 (SAPAP3) has been found in 
 hippocampal dendrites (Kindler et al. 2004; Welch et al. 2004). As mentioned 
above, SAPAP/GKAP proteins are physically associated with Shank. Both Shank 
and SAPAPs are among those proteins that are degraded in periods of strong 
 synaptic activity due to activation of the ubiquitin/proteasome system (Ehlers 
2003). Thus, Shank and SAPAP may be co-regulated during protein synthesis from 
dendritically targeted mRNAs as well as during regulated degradation.

Shank1 deficient mice have been reported recently to exhibit smaller dendritic 
spines and impaired long term memory, further supporting the relevance of shank 
proteins for synapse function (Hung et al., 2008).
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Abstract Post-translational modification, such as protein phosphorylation, plays a 
critical role to reversibly amplify and modulate signaling pathways. Since kinases 
and phosphatases have broad substrate recognition motifs, compartmentalization and 
localization of signaling complexes are required to achieve specific signals. Scaffolds 
are proteins that associate with two or more binding partners and  function to enhance 
the efficiency and/or specificity of cellular signaling pathways. The identification of 
scaffolding proteins that control the tempo and/or spatial organization of signaling 
pathways in cells has benefited enormously from recent technological advances that 
allow for the detection of protein–protein interactions, including in vivo in intact 
cells. This review will focus on scaffolding proteins that nucleate multi-protein com-
plexes (and could represent novel entry points into signaling pathways that might be 
amenable to therapeutic manipulation) in cardiomyocytes.
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1  Stimulus-Specific or Localized cAMP-PKA Signaling 
in Cardiomyocytes

cAMP constitutes an important intracellular second messenger molecule that is 
formed in response to the activation of many cell-surface G-protein-coupled 
receptors (GPCRs). In theory, cAMP is a freely diffusible second messenger that 
can act over long distances in cells. However, experimental results from over 25 
years ago provided the first clues that cAMP/protein kinase A (PKA) pathways are 
compartmentalized in cells. Recognizing that the PKA regulatory subunit is 
expressed as structurally and functionally distinct RI and RII isoforms (forming 
the PKA-RI and PKA-RII holoenzymes), Brunton and colleagues showed that β-
adrenergic receptors (βARs) activate particulate PKA-RII and induce changes in 
cardiac contractility, whereas prostaglandin E

2
 (which stimulates a different 

GPCR)  activates soluble PKA-RI and regulates glycogen metabolism, but does not 
influence cardiac contractile function. Subsequent studies identified specificity at 
each step of the signal transduction pathway, including evidence that: (1) Gs-cou-
pled GPCRs differ drastically in their ability to increase cAMP accumulation in 
cardiomyocytes. Certain GPCRs (such as the β

2
AR) increase cAMP accumulation 

when heterologously overexpressed in model cell types, but do not detectably ele-
vate cAMP in certain cardiomyocyte preparations (Steinberg and Brunton 2001). 
Gs-coupled βARs also differ in their susceptibility to inhibitory input from mus-
carinic acetylcholine receptors (Aprigliano et al. 1997). (2) cAMP generated in 
response to GPCR activation does not necessarily gain access to all available PKA. 
(3) PKA tends to act in an agonist-specific manner to phosphorylate selective cel-
lular  targets. (4) cAMP signals can be terminated by phosphodiesterase (PDE) 
enzymes in a stimulus-specific manner.

Direct proof that cAMP signals are compartmentalized in cells is relatively 
recent and has resulted from technological advances that permit real-time imaging 
of cAMP gradients and compartments in cells. The Fischmeister laboratory used 
whole-cell patch-clamp recordings of Ca2+ transients at two physically distinct sites 
on a single isolated frog ventricular myocyte as a strategy to discriminate calcium 
channel regulation by local versus global pools of cAMP (Jurevicius and 
Fischmeister 1996). They showed that βARs activate a local population of calcium 
channels, whereas forskolin (a pharmacologic activator of adenylyl cyclase) 
 activates calcium channels at both local and distal sites in the cell. Zaccolo and 
Pozzan (2002) took advantage of live cell imaging techniques to show that βAR-
dependent cAMP signals are localized by PDE enzymes, leading to the activation 
of a specific sub-population of PKA molecules in cardiomyocytes.

While cAMP can act through several cellular effectors, including PKA, cyclic-
nucleotide-gated ion channels, phosphodiesterases, and guanine nucleotide-exchange 
proteins activated by cAMP (EPACs), cAMP signaling via PKA (historically viewed 
as the primary cAMP effector) has been studied most intensively. PKA exists as a 
tetramer consisting of two catalytic subunits that are held inactive by two regulatory 
(R) subunits. While PKA activation in theory could lead to the phosphorylation of a 
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wide array of cellular proteins, PKA activity is regulated by A-kinase anchoring 
 proteins (AKAPs) in cells. AKAPs position the PKA holoenzyme at specific subcel-
lular microdomains where it can sense localized spikes in cAMP and gain access to 
specific cellular target substrates. AKAPs also function as multivalent scaffolds to 
assemble PKA in multi-protein complexes with other signaling kinases, phosphatases, 
and phosphodiesterases. By exerting bi-directional controls on both the propagation 
and termination of cAMP-initiated signals, AKAPs ensure a high degree of spatial and 
temporal control of cAMP signaling. This section summarizes current notions regarding 
mechanisms (involving AKAPs and other cellular scaffolds) that localize Gs-coupled 
receptors and the cAMP/PKA signaling pathway in cardiomyocytes.

1.1  Compartmentalization of Individual Gs-Coupled 
GPCRs to Membrane Subdomains

There is compelling evidence that β
1
 and β

2
ARs activate distinct G protein/effector 

pathways and evoke distinct regulatory controls that lead to subtype-specific 
 differences in the regulation of cardiac contraction and hypertrophic growth 
 programs (Steinberg and Brunton 2001). Functional differences between β

1
 and 

β
2
AR signaling have been attributed in part to subtype-specific targeting to distinct 

membrane compartments. β
2
ARs are detected exclusively in caveolae/lipid raft 

membranes and egress from this compartment upon activation, whereas β
1
ARs are 

detected in both caveolae and non-caveolae membranes and do not undergo a 
detectable translocation upon activation (Rybin et al. 2000). βAR subtype segrega-
tion to different intracellular compartments provides a mechanism to simultane-
ously facilitate βAR interactions with certain signaling partners, while restricting 
interactions with others. While caveolin-3 (a protein that oligomerizes and drives 
the formation of caveolae) contains an interaction motif that anchors and regulates 
the activity of many lipid-modified signaling proteins in caveolae, caveolin expres-
sion is not required for βAR localization to caveolae. Hence, this section will focus 
on other scaffolding proteins that interact with various components of the cAMP 
generating machinery and might contribute to specificity in the cAMP signaling 
pathway in cardiomyocytes.

1.2 The Role of PDZ-Domain-Containing Scaffolds

Recent studies have exposed βAR C-terminal domain interactions with PDZ-
domain-containing scaffolds as a mechanism that controls βAR targeting in cells 
(Fig. 1). The extreme C-termini of β

1
 and β

2
 ARs conform to type-1 PDZ-domain-

binding sequences (S/T-X-φ, where “φ” indicates a hydrophobic amino acid and “X” 
indicates any amino acid); these βAR subtypes interact with different sets of PDZ-
domain-containing proteins. The β

1
AR-ESKV motif associates with  structurally 
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Fig. 1 βARs complex with three types of scaffolds. (a) β
1
 and β

2
ARs interact with PDZ-domain-

containing scaffolding proteins. SAP97 links β
1
ARs to the AKAP79-PKA complex, whereas 

NHERF links β
2
ARs to the Na+–H+ exchanger 3 (NHE3) and the actin-associated protein ezrin. 

An interaction between ezrin and a membrane-proximal portion of the α
1b

-AR C-tail is required 
for α

1b
-AR recycling to the plasma membrane. (b) The initial βAR signal via the cAMP/PKA 

pathway is followed by a subsequent activation of the ERK cascade in many cell types. Two 
mechanisms have been identified: PKA phosphorylation switches βAR coupling from Gs to Gi. 
β-arrestin docks to GRK-phosphorylated βARs (and other GPCRs) and functions to interdict 
signaling by G proteins, to recruit PDE4, and to assemble signaling proteins that regulate growth/
apoptosis signaling pathways. (c) An association between the βAR C-terminus and AKAP79/150 
or gravin  contributes to the spatial and temporal control of signaling through the PKA pathway 
(See text for details).
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related membrane-associated guanylate kinase-like (MAGUK) PDZ family pro-
teins, including postsynaptic density protein 95 (PSD-95), membrane-associated 
guanylate kinase-like protein inverted-2 (MAGI-2), MAGI-3, and SAP97, as well 
as GIPC (GAIP-interacting protein, carboxyl terminus), and cystic fibrosis trans-
membrane conductance regulator-associated ligand (CAL, a protein primarily 
involved in vesicular transport in the Golgi) (Hu et al. 2000; Xu et al. 2001; Hu et al. 
2003; He et al. 2004, 2006; Gardner et al. 2007). PSD-95 is reported to inhibit 
β

1
AR internalization, whereas MAGI-2 exerts a diametrically opposite effect to 

promote β
1
AR internalization, indicating that individual MAGUK proteins regulate 

β
1
AR signaling in a highly individualized manner (Hu et al. 2000; Xu et al. 2001). 

PSD-95 physically links β
1
ARs to effectors, such as the N- methyl-d-aspartate

(NMDA) class of glutamate receptor channels in neuronal synapses (a mechanism 
that is important in neurons, but not necessarily cardiomyocytes), whereas CAL 
redirects β

1
ARs to the Golgi (Hu et al. 2000). In contrast, MAGI-3 (which is 

abundant in cardiac tissue; Wu et al. 2000) impairs β
1
AR coupling to the Gi-ERK 

pathway, but it does not grossly alter β
1
AR-dependent cAMP generation or agonist-

dependent β
1
AR internalization (Hu et al. 2003; He et al. 2006). Finally, SAP97 has 

been implicated as a scaffold that assembles AKAP79 and PKA in complexes with 
β

1
ARs (Fig. 1a); β

1
AR binding to SAP79 facilitates  PKA-dependent β

1
AR phos-

phorylation at S312 in the third intracellular loop and is required for β
1
AR recycling 

following activation (Gardner et al. 2007). The observation that the WT-β
1
AR

couples exclusively to Gs and does not undergo internalization, whereas the β
1
AR-

PDZ mutant couples to both Gs and Gi and internalizes upon agonist exposure, has 
been taken as evidence that PDZ-domain-mediated interactions contribute to the 
control of β

1
AR signaling in cardiomyocytes (Xiang et al. 2002). The additional 

observation that SAP97 co-localizes with cadherins (cell adhesion molecules that 
maintain the stability of cell–cell junctions), β-catenin (which links cadherins to the 
actin cytoskeleton), and β

1
ARs at specialized  postsynaptic membranes formed fol-

lowing cardiomyocyte sympathetic innervation suggests a mechanism for rapid 
responses to released neurotransmitters. However, the precise mechanism that 
localizes β

1
ARs to postsynaptic membranes remains uncertain, since a C-terminal

PDZ-binding motif mutation does not disrupt β
1
AR localization to synapses 

(Shcherbakova et al. 2007).
β

2
ARs interact with a different set of PDZ-domain-containing proteins, namely 

the Na+–H+ Exchanger Regulatory Factor proteins NHERF-1 and NHERF-2 [a 
 protein also known as Ezrin-Radixin-Moesin (ERM)-Binding Protein-50 (EBP50) 
that also binds to cortical actin through its ERM domain, Fig. 1, right (Hall, 
Premont et al. 1998; Hall et al. 1998a)]. β

2
AR interactions with NHERF proteins 

are increased by agonists and lead to enhanced Na+−H+ exchanger type 3 (NHE3) 
activity and β

2
AR recycling to surface membranes following  agonist-promoted

internalization (Hall et al. 1998b). In keeping with the notion that PDZ domain 
interactions are regulated by phosphorylations at the extreme C-terminus position 
−2 S/T residue, β

1
AR-PSD-95 and β

2
AR-NHERF-1 interactions are disrupted by G 

protein-coupled receptor kinase 5 (GRK5) phosphorylation of the βAR (Hu et al. 
2002; Cao et al. 1999). β

2
ARs that harbor point mutations in the DSLL sequence 



306 N.L. Chudasama et al.

undergo normal agonist-dependent internalization, but they do not recycle to the plasma
membrane. The β

2
AR-DSLL sequence can also function as a transplantable sorting 

signal to reroute other GPCRs (that lack this extreme C-terminal sequence and are 
degraded following clathrin- dependent endocytosis) to a rapid recycling pathway 
(Gage et al. 2001).

The NHERF-binding protein ezrin plays an important role in the regulation of the 
actin cytoskeleton (controlling cell shape and cell adhesion/motility). Recent studies 
implicate ezrin as an AKAP (with greater affinity for PKA-RI, relative to RII) that 
modulates signaling pathways (Dransfield et al. 1997; Carlson et al. 2006). There is 
evidence that ezrin is a non-GPCR substrate for GRK2; GRK2-dependent  ezrin-T567

phosphorylation stabilizes the active conformation that internalizes in association 
with β

2
-ARs and contributes to the control of this process (Cant and Pitcher, 2005). 

Ezrin also directly interacts with a polyarginine sequence (R371–R378) in the mem-
brane-proximal portion of the α

1b
-AR C-tail, and this interaction between ezrin and 

the α
1b

-AR is required for α
1b

-AR recycling to the plasma membrane (although not 
internalization, Fig. 1a, Stanasila et al. 2006).

Collectively, these results identify functionally important interactions between 
βARs and a number of PDZ domain scaffolds that impact importantly on specific 
aspects of βAR signaling/desensitization. Insofar as PDZ domain scaffolding pro-
teins tend to be expressed in a highly tissue- and cell-specific manner, these results 
provide a potential mechanism to explain tissue- and cell-specific differences in 
βAR signaling and trafficking that have been described in the literature. Moreover, 
these results suggest that clinical interventions designed to alter PDZ domain pro-
tein expression (or PDZ domain protein interactions with βARs or other binding 
partners) may have clinically important consequences that could be exploited for 
therapeutic advantage.

1.3 The Role of b-Arrestin and AKAPs

The traditional model of βAR activation focuses on the role of the heterotrimeric 
Gs protein to activate the cAMP pathway. βAR activation also leads to the 
 liberation of Gβγ dimers that contribute to the recruitment of GRKs to the  membrane, 
leading to phosphorylation of agonist-activated βARs (Fig. 1b). β-arrestin then binds 
GRK-phosphorylated βARs and acts both to sterically interdict further G protein 
signaling and to promote βAR desensitization. However, β-arrestins also act as 
scaffolds for components of the membrane trafficking machinery that  internalize 
GPCRs from the surface membrane (including clathrin, AP-2, N- ethylmaleimide–
sensitive factor (NSF), ARF6, ARNO, and Mdm2) and for signaling proteins (such 
as Src, JNK3, ASK1, ERK1/2, and PDE4D3) that provide for G protein-independent 
activation of growth/apoptosis regulatory pathways (Luttrell et al. 1999; McDonald 
et al. 2000; Miller et al. 2000).

AKAPs constitute another class of βAR-interacting scaffold that assembles 
components of the βAR signaling machinery at membranes and functionally 
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 regulates both the formation and hydrolysis of cAMP (Fig. 1c). AKAPs  comprise 
a family of structurally diverse proteins that contain an amphipathic helix that 
binds the PKA regulatory subunit (R) with high affinity as well as  targeting motif 
that directs the AKAP-PKA complex to a specific subcellular location. Individual 
AKAPs display distinct binding affinities for RII, providing a mechanism to 
dynamically regulate PKA-dependent phosphorylation of individual substrates in 
cells. β

2
ARs are recovered from both tissue and cell preparations in complexes 

with two distinct AKAPs, AKAP79/150 and AKAP250/gravin (Fraser et al. 
2000; Shih et al. 1999; Tao et al. 2003). β

2
ARs constitutively interact with 

AKAP79/150, providing a mechanism for forced proximity with PKA, PKC, and 
PP2B (which also interact with AKAP79/150) and β

2
AR phosphorylation by PKA. 

This  phosphorylation is believed to switch β
2
AR-G protein coupling from the Gαs-

cAMP pathway to a Gi pathway that activates ERK (Fig. 1b, Fraser et al. 2000). 
Although AKAP79/150 does not directly interact with GRK2, AKAP79/150 is 
required for PKA-dependent phosphorylation of GRK2 (at S685), which increases 
GRK2 affinity for Gβγ subunits, leading to enhanced GRK2 translocation to 
membranes and GRK2-dependent β

2
AR phosphorylation (which creates a dock-

ing site for β-arrestin and leads to βAR desensitization, Fig. 1b, Cong et al. 
2001). However, β-arrestin (localized to the β

2
AR-AKAP79/150 complex) also 

recruits the cAMP-specific phosphodiesterase enzyme PDE4D5, which functions 
locally to attenuate cAMP generation/PKA activation and  prevent the PKA-
dependent β

2
AR switch to Gi-ERK (Perry et al. 2002a; Wallace et al. 2005). In 

neonatal cardiomyocytes, PDE4D activity limits signaling through the β
2
AR-/

PKA-dependent  pathway that increases contraction (Xiang et al. 2005). In con-
trast, β

1
AR- dependent regulation of cardiomyocyte contraction is not influenced by 

PDE4D (presumably due to the relatively low affinity of β
1
ARs for β-arrestin and 

a relatively inefficient recruitment of β-arrestin-PDE4D complexes). While all 
PDE4 family members bind β-arrestin through a highly conserved site in the cata-
lytic portion of the enzyme, PDE4D5 is preferentially recruited (relative to other 
PDE4 isoforms) to agonist-activated β

2
ARs due to the presence of a unique 

N-terminal β-arrestin-binding site that allows for a second point of contact 
between these proteins (Perry et al. 2002). Of note, the PDE4D5 N-terminal 
region that binds β-arrestin also interacts with RACK1 (a WD repeat protein that 
acts as a scaffold for PKC). Since these are mutually exclusive binding interactions,
the ability of PDE4D5 to toggle between β-arrestin and RACK1 is predicted to 
dictate signaling specificity (Yarwood et al. 1999; Bolger et al. 2003). Finally, 
there is evidence that AKAP79/150 interacts with both adenylyl cyclase V (ACV) 
and ACVI enzymes and assembles a local negative feedback loop to terminate 
cAMP signals by  facilitating PKA-dependent AC-V-S676/AC-VI-S674 phosphor-
ylation (which inhibits cAMP generation, Fig. 1c, Bauman et al. 2006).

AKAP250/gravin is the second scaffold that nucleates β
2
ARs-PKA-PKC-

PP2B complexes (Fig. 1c, Shih et al. 1999). AKAP250/gravin binding has been 
mapped to residues R329-L413 in the C-terminal cytoplasmic tail of the  β

2
-AR; 

the β
2
-AR-AKAP79/150-binding site has not been identified (Fan et al. 2001). 

While β
2
-ARs constitutively interact with AKAP250/gravin in resting cells, 
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 agonist  activation strengthens βAR-AKAP250/gravin interactions as a result of 
PKA-dependent phosphorylation of AKAP250/gravin at S696, S698, and S772 (the 
β

2
-AR docking site on AKAP250/gravin, Tao et al. 2003). AKAP250/gravin 

then inducibly associates with GRK2, β-arrestin, and clathrin; it functions as a 
mobile scaffold to internalize along with agonist-activated β

2
ARs and control 

agonist-dependent βAR desensitization, sequestration, and recycling/resensitiza-
tion (Lin et al. 2000; Fan et al. 2001). The recent observation that AKAP250/
gravin also associates with PDE4D isoforms could suggest that this scaffold 
plays yet an  additional role to  terminate subplasmalemmal cAMP signals, 
although a  specific role for AKAP250/gravin in the dynamic control of cAMP 
signals localized to the plasma membrane has not been established (Willoughby 
et al. 2006). Collectively, these studies  indicate that β

2
ARs associate with at least 

two  distinct AKAPs (which assemble different subsets of  second messenger-acti-
vated kinases and protein phosphatases); these βAR-AKAP complexes may 
reside in physically distinct subcellular compartments and  differentially regulate 
cAMP signaling events that differ in time and space.

2 Scaffolding Functions for the Cardiac Z-Disc

The role of the sarcomeric Z disc in the assembly and three-dimensional  organization 
of the sarcomere and the generation and transmission of force are well established. 
However, the large number of muscle-specific cardiac Z disc  components recently 
identified has fueled interest in the cardiac Z disc as a  mechanotransducer that senses 
and transmits signals arising from the force of normal cardiac contraction as well as 
the excessive stretch during volume or pressure overload. While a detailed discussion 
of the mechanosensing properties of the Z disc are beyond the scope of this review, 
this section will briefly discuss recent studies that implicate the cardiac Z disc as a 
scaffold for various signaling enzymes.

α-Actinin is a major constituent of Z discs that crosslinks actin and titin 
 molecules from neighboring sarcomeres. Calsarsin is an α-actinin-binding protein 
that that also interacts with γ-filamin, T-Cap/telethonin, Cypher and the Ca2+-
 sensitive phosphatase calcineurin at the cardiac Z disc (Frey et al. 2000). Calsarcin-
1 is reported to negatively modulate calcineurin activity. Calsarcin-1-deficient mice 
develop an exaggerated hypertrophic response to calcineurin activation or pressure 
overload (but not other stimuli, Frey et al. 2004). These results indicate that 
 calsarcin-1 is uniquely positioned to couple muscle activity to the regulation of cal-
cineurin signaling and that calsarcin-1 deficiency sensitizes muscle cells to calcineurin 
signaling and selectively modulates the evolution of only certain pathological 
hypertrophy pathways. While the precise cellular targets of Z  disc- associated 
calcineurin have not been identified, there is evidence that NFATc (one member of 
the Nuclear Factor of Activated T-Cells gene family) localizes to sarcomeric 
Z lines in unstimulated adult skeletal muscle fibers and translocates to the nucleus 
with certain forms of electrical stimulation (Liu et al. 2001). Studies to determine 
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whether calcium-dependent calcineurin activation might also lead to NFAT dephos-
phorylation in cardiomyocytes (providing a mechanism to unmask NFAT nuclear 
localization signals and increase of NFAT transcriptional activity in the nucleus) 
have not yet been published.

Obscurin is another Z disc protein that interacts with titin, the giant elastic 
 filamentous sarcomeric protein that acts as a molecular ruler during sarcomeric 
assembly and maintains normal cardiac muscle cell length during contraction/
relaxation cycles. The C-terminal region of obscurin contains both an IQ motif that 
is a binding site for calmodulin and a Rho-GEF domain that could activate Rho 
family small G proteins, suggesting an important heretofore unrecognized signaling 
function for obscurin in the sarcomere (Young et al. 2001)

Finally, Z discs have been identified as PKC isoform signaling domains. The 
mechanisms that localize and regulate PKC signaling at Z discs are discussed in 
the section that follows.

3 Scaffolds That Regulate PKC Signaling in Cardiomyocytes

PKCs localize to distinct intracellular sites via interactions with scaffolding 
 proteins. The PKC-anchoring protein that has received most attention is the family 
of membrane-associated Receptors for Activated C Kinase (RACKs), molecular 
scaffolds that localize individual PKCs to distinct membrane microdomains in 
close proximity with their allosteric activators and unique intracellular substrates. 
RACK proteins share a seven-WD40-motif repeat structure, similar to the  protein–
protein-binding motifs found in heterotrimeric G-protein β subunits. To date, 
 proteins with characteristics of RACKs (i.e. proteins that selectively/saturably bind 
only the active conformation of the cognate PKC isoform and recruit the enzyme 
in an active conformation to a specific membrane compartment) have been 
 identified for PKCβ (RACK1) and PKCε (RACK2 or β'-COP; Mackay and  Mochly-
Rosen 2001; Schechtman and Mochly-Rosen 2001; Csukai et al. 1997). While 
PKCδ-binding proteins have been identified, the identity of the bona fide PKCδ
RACK remains uncertain (Robles-Flores et al. 2002; Kheifets et al. 2006).

The current model holds that cells express a unique RACK (with a distinct 
 subcellular localization) for each PKC isoform and that PKC-RACK interactions 
dictate isoform-specific cellular responses. According to this model, each PKC 
isoform contains both a RACK-binding sequence (that anchors the PKC to the 
RACK protein) and a sequence that mimics the PKC-binding site on the respective 
RACK protein (termed a ψRACK sequence). The RACK-binding site and the 
ψRACK sequence participate in an intramolecular interaction that maintains the 
enzyme in an inactive conformation at rest; this interaction must be disrupted for 
PKC activation. This model predicts that peptides based upon RACK-binding sites 
will competitively inhibit PKC docking to its specific membrane RACK and act as 
PKC isoform-selective translocation inhibitors. Similarly, peptides based upon 
ψRACK sequences will bind to the PKC-RACK-binding site, interfere with  auto-
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inhibitory (ψRACK sequence-RACK-binding site) intramolecular interactions, and 
destabilize the inactive “closed” conformation of the enzyme (i.e. act as allosteric 
PKC activators). Modulators of PKC translocation based upon PKC interactions 
with RACK scaffolds have been developed and offer certain theoretical advantages 
to the use of PKC overexpression strategies (that disturb the natural stoichiometry 
of a given PKC isoform to its upstream activators or downstream substrates) or 
conventional PKC activity inhibitors (which generally lack isoform specificity). 
However, there is ample evidence that PKCs interact with other anchoring proteins 
(such as AKAPs, caveolins, and various cytoskeletal proteins, see below) that are 
shown not be influenced by RACK-based translocation inhibitor peptides. 
Moreover, it is important to note that RACK functions are not limited to the control 
of PKC. Rather, RACK proteins have been implicated as scaffolds that organize 
signaling complexes involving Src family kinases, heterotrimeric G protein βγ
subunits, dynamin, integrins, STAT1, the receptor protein tyrosine phosphatase 
PTPµ, and PDE4D5 (McCahill et al. 2002). The notion that peptides designed to 
modulate PKC-RACK binding may exert “off-target” actions on other RACK-
based signaling pathways generally also is not considered.

Other true scaffolds that anchor PKC include AKAPs (which are discussed in 
the previous section) and caveolins. Caveolins are a family of three related 
 isoforms that drive formation of caveolae, sphingolipid-/cholesterol-enriched 
buoyant detergent-resistant membranes that form flask-like invaginations of the 
plasma membrane. These morphologically distinct membrane structures (which 
biochemically resemble lipid rafts) form platforms that concentrate signaling 
complexes and play an important role in signal transduction pathways (note: the 
precise relationship between lipid rafts and caveolae remains the focus of 
 considerable controversy; details are discussed by Patel et al. in a separate chapter 
in this volume). Caveolin-1 and the muscle-specific caveolin-3 (but not caveolin-2) 
are reported to physically interact with PKCα, PKCγ, and PKCζ (but not PKCε;
Oka et al. 1997; Lin, Zhou et al. 2003), and there is evidence that  caveolin-1 bind-
ing decreases PKCα and PKCζ activity. Caveolin-PKC  interactions have been 
mapped to the caveolin scaffolding domain (a short membrane  proximal region of 
the caveolin amino terminus that serves as a protein docking motif) and a caveolin 
interacting motif (ψXψXXXXψ or ψXXXXψXXψ, where ψ is a hydrophobic 
 residue) found at similar locations in the kinase domains of PKCα and PKCζ.
These results have been taken as evidence that caveolin-bound PKC represents a 
pool of membrane-associated enzyme that is inhibited at rest and is poised for 
activation (Oka et al. 1997). However, a role for caveolin  proteins as scaffolds or 
regulators of PKC isoforms in caveolae membranes has never been directly 
 established (and other mechanisms that might anchor/regulate PKCs at this 
 destination also have been considered). cPKCs and nPKCs are recovered at rest 
or following agonist-activation in the caveolae fraction of  several cell types 
(Muller et al. 1995). We previously demonstrated that caveolae isolated from rest-
ing neonatal rat cardiomyocytes contain little to no phorbol ester-sensitive PKC 
isoforms and that PKCα, PKCδ, and PKCε accumulate in cardiomyocyte caveo-
lae in response to PMA (Rybin et al. 1999).
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Finally, there is evidence that PKC localization is influenced by cytoskeletal and 
structural proteins. Several laboratories have reported that PKCε localizes to sarco-
meric Z-discs, but the role of β'-COP as a Z disc scaffold is uncertain, since 
β'-COP has been characterized as a RACK that anchors activated PKCε to the 
Golgi in cardiomyocytes (Csukai et al. 1997). While mutagenesis studies map Z 
line binding to the PKCε-V1 domain (a region of PKCε that contains the RACK-
binding site), more detailed studies suggest that PKCε anchors to Z lines via a 
mechanism that requires multiple points of contact (which is not necessarily 
restricted to the RACK-binding motif and may require both protein–protein and 
protein-lipid interactions, Robia et al. 2005). In this context, it is important to note 
that other components of the Z-disc with PKC-binding activity have been identi-
fied. Cypher is a striated muscle-specific protein with an N-terminal PDZ domain 
that interacts with α-actinin and a LIM-domain that binds PKCs (Zhou et al. 1999). 
CapZ is a capping protein that binds and anchors the barbed-end actin filaments. 
There is evidence that CapZ (rather than RACK1) targets PKCβII to the myofila-
ments and plays a key role in the transduction of PKC-dependent signals at Z-discs 
(Pyle et al. 2006); transgenic mice with decreased CapZ protein expression exhibit 
increased myofilament calcium sensitivity, a defect in PKC binding to cardiac 
myofilaments, and impaired PKC-dependent regulation of myofilament function 
(Pyle et al. 2002). Finally, actin (a sarcomeric protein that also constitutes a major 
component of the cytoskeletal network of non-muscle cells) interacts with a con-
formationally hidden actin-binding motif that lies in the PKC-ε regulatory region, 
between the two cysteine-rich C1 domain DAG/PMA binding sites. This region is 
exposed upon PKCε activation, leading to a PKCε-actin binding (an interaction that 
stabilizes PKCε in a catalytically active conformation, Prekeris et al. 1996).

4 Scaffolds That Influence Ion Channel Function

Ion channels form macromolecular complexes with a wide variety of proteins, 
modulating their function, localization and/or degradation. In the cardiovascular 
system, several unique ion-channel macromolecular complexes have been  identified, 
which may enable the development of drugs that target specific ion channels. We 
will focus on evidence supporting the importance of several ion channel 
 macromolecular complexes in modulating channel function in normal and cardio-
vascular diseases.

4.1 SCN5A (Voltage-Dependent Na+ Channel)

Phase 0 (the “upstroke”) of the cardiac myocyte action potential is mediated by 
fast-activating voltage-gated sodium channels, which are preferentially localized 
near gap junctions (Kucera et al. 2002). The α subunit, Na

v
1.5, is encoded by the 

gene SCN5A. The structure of this protein is described by four heterologous 
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domains (DI-DIV), each consisting of six transmembrane segments (S1–S6). Not 
surprisingly, a nine-base-pair deletion in this linker resulting in a triplet residue loss 
(∆KPQ) is known to confer sustained sodium influx and subsequently delayed 
repolarization during the action potential, and it is one of the principally implicated 
mutations in the long QT syndrome variant LQT3 (named for all mutations in the 
third gene experimentally linked to the syndrome, SCN5A) (Kass and Moss 2006; 
Moss and Kass 2005). In contrast, reduced Na

v
1.5 function is a cause of Brugada 

syndrome (BrS) (Antzelevitch and Fish 2006). βAR-mediated activation of PKA 
leads to an increased number of functional Na

v
1.5 channels expressed at the 

 membrane via phosphorylation at consensus sites S483, S571, and S593 in the DI-DII 
cytoplasmic linker (Zhou et al. 2002). In addition to the PKA-regulation of the Na 
sodium, SCN5A associates with calmodulin (CaM) and one of its effectors–Ca2+/
calmodulin-dependent protein kinase II (CaMKII) (Wagner et al. 2006). CaM binds 
to an isoleucine-glutamine (“IQ-”) motif on the C-terminus of Na

v
1.5 and promotes 

slow inactivation in response to activation by rapid Ca2+ cytosolic influx in the early 
action potential (Adams et al. 1990).

4.2 L-Type Ca2+ Channel (Ca
v
1.2)

Phase 2 of the action potential, or the “plateau,” refers to the period when K+ efflux 
potassium channels are electrostatically balanced by persistent Na+ influx from Na

v

channels and Ca2+ influx from L-type voltage-dependent calcium channels 
(L-VDCC) as the process of excitation-contraction (EC) coupling begins. EC cou-
pling proliferates as the initial increase in [Ca2+]

i
 induces sarcoplasmic reticular 

“calcium-induced calcium release (CICR)” through the cardiac ryanodine receptor, 
RyR2, in a feed-forward mechanism that eventually generates the actin-myosin 
contraction of the myocyte (Bodi et al. 2005). Cardiac L-VDCCs are heterotetra-
meric assemblies of α

1
, α

2
/δ, and β subunits.

The calcium-calmodulin complex has been shown to be a critical regulator of 
channel activation that binds to the C-terminus of Ca

v
1.2 at an IQ motif. CaM 

 constitutively binds the C-terminus of Ca
v
1.2, changes conformation when bound 

to calcium, and subsequently causes inactivation of Ca
v
1.2 during the action 

 potential (Pitt et al. 2001). AKAP15/18 (which was independently cloned by the 
Catterall and Scott laboratories to be a 15- or 18-kDa protein; Gray et al. 1998; 
Fraser et al. 1998) is a lipid-modified protein that controls PKA-dependent 
 mechanisms at the plasma membrane (Fig. 2). Early studies demonstrated that 
L-type Ca2+ channel regulation by PKA requires the presence of an AKAP,  showing 
that submembrane targeting of PKA by AKAP facilitates channel phosphorylation 
(at both S1928 on the pore-forming α

1c
 subunit and on multiple sites on the accessory 

β
2
 subunit), modifications that increase channel-open probability, increase inward 

calcium current, and prolong the plateau phase of the action potential (Gao et al. 
1997; Gray et al. 1997). Similarly, β-AR stimulation of L-type Ca2+ channel 
 activity in cardiomyocytes requires AKAP recruitment of PKA and could be 
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 abrogated by microinjection of Ht31 in cardiomyocytes (Gao et al. 1997). 
Subsequent studies implicated AKAP15/18 as a scaffold that plays a role in 
 potentiating cAMP-/PKA-dependent Ca2+ currents in HEK293 cells (Fraser et al. 
1998). Biochemical and electrophysiological experiments have been used to map 
an AKAP15/18-L-type calcium-channel-binding interaction to amino acids 25–54 
in the AKAP and leucine zipper motif in the C-terminus of the L-type calcium 
channel α

1
-subunit (Hulme et al. 2002). Based upon this information, the Catterall 

laboratory has used a synthetic peptide based upon the AKAP15/18 calcium-
 channel-binding domain to inhibit voltage-dependent potentiation of L-type 
 calcium-channel function in skeletal myotubes. This peptide also has been used to 
disrupt β-AR-dependent regulation of calcium-channel function in cardiomyocytes 
(Hulme et al. 2002, 2003). However, a RII-binding peptide termed Ht31 (since it 
was originally isolated from human thyroid; Carr et al. 1992) that is based upon the 
RII-binding portion of AKAP-Lbc (which is widely used to inhibit AKAP-RII 
interactions since it has a relatively high affinity for RII, relative to other AKAPs) 
also can be used to inhibit PKA-dependent potentiation of L-type Ca2+ channel 
function (Johnson et al. 1994). These results emphasize the importance of 
AKAP15/18 in L-type Ca2+ channel regulation by the small, localized increases in 
cAMP that typically are associated with GPCR activation, suggesting that 
AKAP15/18-dependent mechanisms might be targeted for therapeutic advantage. 
Finally, while most of the literature has focused on AKAP15/18 interactions with 
L-type calcium channels, there is some evidence that AKAP15/18 can also interact 

Fig. 2 Schematic representation of Ca
v
1.2, KCNQ1, and RyR macromolecular complexes. PKA 

phosphorylates several cardiovascular ion channels, including Ca
v
1.2, KCNQ1, and RyR, which 

associate with the PKA-binding scaffolding proteins AKAP15/18, yotiao, and mAKAP, respec-
tively. KCNQ1 also associates with PP1 by binding yotiao. RyR2 binds to the PP1-binding protein 
spinophilin and to the PP2A-binding protein PR130
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with other ion channels (sodium channel, delayed rectifier potassium channels), 
β

2
-ARs, and/or calcineurin (PP2B; Sacchetto et al. 2001), although the putative 

AKAP15/18 interactions with β
2
-ARs or PP2B are based upon studies using 

 subcellular fractionation techniques and may not necessarily reflect a direct 
 protein–protein interaction. The role of AKAP15/18 to regulate other components 
of the β-AR complex deserves further study.

Recent work has also shown that the formation of a Ca
v
1.2 macromolecular 

complex is spatially facilitated by the formation of caveolar complexes stabilized 
by caveolin-3 that can contain Ca

v
1.2, β

2
AR (not β

1
AR), Gαs

, adenylyl cyclase, 
PKA, and PP2A all on the same plasma membrane microdomain (Balijepalli et al. 
2006). In contrast to heart, in hippocampal neurons, AKAP79 co-targets PKA as 
well as the Ca2+/CaM-activated phosphatase calcineurin (CaN) to the channel and 
allows for the two parallel pathways to adjust response. CaN dominantly  suppresses 
PKA phosphorylation and subsequent channel activation in direct response to pulse 
frequency (not amplitude) of Ca

v
1.2 current. In addition to effects on Ca

v
1.2, CaN 

was also shown to dephosphorylate NFATc4 and allow its nuclear translocation, 
whereas inhibition of PKA binding to AKAP79 also partially increased transloca-
tion, suggesting that the PKA/CaN axis can also modulate nuclear transduction of 
calcium signaling (Oliveria et al. 2007).

4.3 Ryanodine Receptor (RyR2)

The rapid calcium influx of phase 2 of the cardiac myocyte action potential incites 
CICR from intracellularly sequestered, sarcoplasmic reticular calcium stores via 
(predominantly) ryanodine receptor (RyR)-mediated release. RyRs are the largest 
ion channels characterized to date: homotetramers consisting of four monomers 
that are each ~560 kDa and have large cytoplasmic domains (Wehrens and Marks, 
2005; Santonastasi and Wehrens, 2007). These cytoplasmic domains also serve as 
the junctions at which diffusible regulatory proteins, such as FKBP12.6 (otherwise 
known as “calstabin2”), can potently modulate channel function. Calstabin2 
 binding to RyR2 can be physiologically regulated by PKA phosphorylation. In 
response to sympathetic stimulation, activation of the cAMP-PKA pathway leads 
to dissociation of FKBP12.6 from the complex, which provides a mechanism for 
modulating Ca2+ release from the SR. In failing hearts, PKA hyperphosphorylation 
of RyR leads to FKBP12.6 dissociation and abnormal channel function (Marx 
et al. 2000). Administration of metoprolol reverses the hyperphosphorylation, 
restoring the normal stoichiometry of the RyR macromolecular complex and 
 normal channel function (Reiken et al. 2001).

RyR2 phosphorylation is potently modulated by macromolecular complexes 
(Fig. 2). These macromolecular complexes are formed by scaffolding proteins 
anchored at cytoplasmic domain LIZ. Through LIZ binding with the anchoring 
proteins spinophilin, PR130, and mAKAP, the phosphorylation state of RyR can be 
tuned by PP1, PP2A, and PKA/phosphodiesterase PDE4D3, respectively (Marx 
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et al. 2001b; Lehnart et al. 2005). In disease states such as heart failure, the amount 
of PP1, PP2A, and PDE4D3 associated with mAKAP is reduced, potentially 
accounting for the PKA hyperphosphorylation of RyR2 (Marx et al. 2000, 2001; 
Lehnart et al. 2005). The rebinding of calstabin2 to RyR2 is an important target for 
heart failure and arrhythmias. Administration of K201, also termed JTV519 (a 
derivative of the 1,4-benzothiazepine), can promote this rebinding and has been 
shown to reduce heart failure and arrhythmias in several animal models (Wehrens 
et al. 2004, 2006; Yano et al. 2003).

4.4 KCNQ1

Phase 3 of the action potential occurs as the L-type calcium current dissipates, and 
the membrane potential is predominantly repolarized by fast and slow components 
of the delayed rectifier potassium current. KCNQ1 is the channel responsible for 
the slow component (I

Ks
) and was also the first protein linked to the long QT syn-

drome: LQT1 (Kass and Moss 2006; Moss and Kass 2005). The channel is thought 
to exist as a complex of four pore-forming KCNQ1 monomers (each with six trans-
membrane domains and a pore-forming region) and at least two accessory KCNE1 
subunits that confer slower activation/deactivation kinetics, rightward shift of volt-
age-dependent activation, and increase in conductance.

Sympathetic stimulation of β-AR slows deactivation and causes a leftward shift 
in the voltage-dependent activation of I

Ks
 through PKA phosphorylation of 

N-terminal S27 proximal to the first transmembrane domain of KCNQ1 (Kurokawa 
et al. 2003). Yotiao is an AKAP that binds to a C-terminal LIZ in KCNQ1 and 
forms the scaffold of a macromolecular complex that colocalizes protein phos-
phatase 1 (PP1) and PKA in another example of bidirectional regulation (Marx 
et al. 2002) (Fig. 2). A naturally occurring mutation within the KCNQ1 LIZ motif 
(G589D) is associated with reduced PKA-mediated regulation of KCNQ1 (Marx 
et al. 2002). Pharmacologic βAR blockade confers a survival benefit in KCNQ1-
associated long QT syndrome variants versus those with LQT3 (SCN5A mutations) 
(Priori et al. 2004).

5 Scaffolds That Regulate Cardiac Hypertrophy

5.1 mAKAP-PKA-PDE4D3 Complexes

Several AKAPs have been implicated in the coordination of cardiac hypertrophy. 
The muscle-specific AKAP (mAKAP, the 255-kDa muscle A-kinase anchoring 
protein) is a multivalent scaffold that binds PDE4D3 (and other signaling proteins, 
see below), is tethered to the nuclear envelope (through a protein–protein interac-
tion with the integral nuclear membrane protein nesprin-1α), and plays a crucial 
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role to synchronize PKA and PDE4D3 activity in cardiomyocytes (Fig. 3; Pare 
et al. 2005; Dodge-Kafka et al. 2005; Dodge et al. 2001). PDE4D3 accelerates local 
cAMP breakdown and tonically prevents a cAMP increase to a threshold level that 
would activate mAKAP-tethered PKA in resting cardiomyocytes. A βAR  agonist-
dependent rise in cAMP/PKA leads to PDE4D3 phosphorylation at S54 (which 
induces a two- to three-fold increase in PDE activity) and S13 (which increases 
PDE4D3 binding affinity for mAKAP), setting up a negative feedback loop that 
restores cAMP to low basal levels (Sette and Conti 1996; Carlisle et al. 2004). 
Experiments with fluorescent reporters of PKA activity provide compelling evi-
dence that PDE4D3 plays a critical role to terminate signaling by AKAP-anchored 
PKA (Dodge-Kafka et al. 2005).

While the synergistic actions of PKA and PDE4D3 lead to localized pulses of 
cAMP at the nuclear membrane, their actions are counterbalanced by Extracellular 
signal-Regulated Kinase 5/big mitogen-activated protein kinase 1 (ERK5/BMK1), 
a cytokine-activated serine/threonine kinase that has been implicated in the 
 induction of cardiac hypertrophy as well as in antiapoptotic mechanisms in vitro in 
cardiomyocytes cultures (during oxidative stress or during overexpression of the 
constitutively active form of MEK5α) and cardioprotection in vivo in the ischemic/
reperfused intact heart (Suzaki et al. 2002; Cameron et al. 2004). ERK5 indirectly 
anchors to mAKAP (through PDE4D3) and phosphorylates PDE4D3 at S579, lead-
ing to suppressed PDE activity (Hoffmann et al. 1999). cAMP acts reciprocally to 

Fig. 3 mAKAP binds PKA, anchors PDE4D3, and serves as an adaptor to recruit Epac1 and 
ERK5. (a) A modest rise in cAMP activates PKA (but not Epac1), leading to the phosphorylation 
of PDE4D3 at S13 (which increases PDE4D3 affinity for mAKAP) and S54 (which increase PDE4D3 
activity). These PKA-dependent phosphorylations limit a local increase in cAMP and restrict 
mAKAP-anchored PKA activity. cAMP does not activate Epac1; there is no Epac1- dependent sup-
pression of ERK5. The cytokine- (LIF-) dependent pathway leading to mobilization of the MEKK-
MEK5-ERK5 pathway and cardiac hypertrophy is intact under these conditions. (b) Stimuli that 
activate ERK5 lead to PDE4D3-S579 phosphorylation and decreased PDE4D3 activity, leading to a 
local rise in cAMP and activation of Epac1. At high cAMP, activation of Epac1 and Rap1 sup-
presses ERK5 and abrogates ERK5-dependent inhibition of PDE4D3, permitting cAMP to return 
to low basal levels. The effect of the cAMP-Epac1-Rap1 pathway to inhibit ERK5 also suppresses 
LIF-dependent cardiac hypertrophy. mAKAP dephosphorylation by PP2A (which also is identified 
in mAKAP complexes) also contributes to the local control
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inhibit mAKAP-anchored ERK5. Importantly, this inhibitory effect of cAMP is 
mediated through a PKA-independent mechanism involving Epac1 (a cAMP-
dependent-GEF for the small Ras-related GTP binding proteins Rap1 and Rap2), 
which also localizes to the nuclear membrane and is recruited by PDE4D3 to the 
mAKAP complex (Dodge-Kafka et al. 2005). The ramifications of heart  failure-
dependent changes in ERK5 activation and its control by the cAMP-Epac1 signal-
ing pathway have not been examined in any detail, but may be significant, given 
evidence that human heart failure is characterized by high levels of cAMP and 
decreased ERK5 expression, which would effectively prevent cardioprotection via 
this pathway (Takeishi et al. 2001).

Finally, it is worth noting that the presence of three cAMP effectors (with mark-
edly different affinities for cAMP) on a single mAKAP scaffold might provide a 
mechanism to influence the timing of cAMP signals at the nuclear membrane. PKA 
(which is responsive to nM cAMP) is predicted to be activated more rapidly and 
persistently than PDE4D3 or Epac1 (which bind cAMP with much lower micromolar 
affinity (Dodge-Kafka et al. 2005).

5.2 AKAP-Lbc and the Regulation of Rho and PKD

AKAP-Lbc is the second AKAP that is abundant in cardiac tissue and has been 
implicated in hypertrophic signaling pathways involving Rho and PKD (Fig. 4). 
AKAP-Lbc is the full-length form of the PKA-binding fragment Ht31 that was first 
isolated from human thyroid and has been widely used as a prototype to study the 
structural basis of PKA-AKAP interactions (and the physiologic importance of 
AKAP-mediated PKA anchoring in physiologic responses). AKAP-Lbc is a large 
320-kDa modular protein with an N-terminal regulatory region that contains 
ankyrin repeats, a leucine zipper motif, sites for PKA and 14-3-3 binding and a C1 
domain (homologous to the highly conserved compact DAG/PMA-binding site that 
was first identified in PKCs), followed by adjacent DH and PH domains 
[a  characteristic structural feature of Rho guanine nucleotide exchange factors 
(GEFs)] and a second regulatory region that binds PKD at the C-terminus. AKAP-
Lbc Rho-GEF activity is increased by GPCRs that couple to the heterotrimeric G

12

proteins, Gα
12

 overexpression, or by serum (Diviani et al. 2001, 2004). Recent 
studies implicate AKAP-Lbc in α

1
-AR-dependent activation of Rho and induction 

of the hypertrophic phenotype in neonatal cardiomyocyte cultures (Appert-Collin 
et al. 2007). The observation that chronic α

1
-AR activation leads to increased 

AKAP-Lbc expression (which augments α
1
-AR-dependent activation of Rho) has 

been taken as tentative evidence that dynamic changes in AKAP-Lbc expression 
might amplify the early molecular events that contribute to the pathogenesis of 
cardiac hypertrophy/failure (i.e. that AKAP-Lbc might constitute a rather attractive 
target for therapeutic intervention).

AKAP-Lbc-Rho-GEF activity is autoinhibited in the basal state through 
intramolecular interactions with N- and/or C-terminal sequences; a truncation form 
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of AKAP-Lbc encoding the DH- and PH domains without regulatory sequences 
(termed Onco-Lbc) is an oncogene in NIH 3T3 cells (Sterpetti et al. 1999). Recent 
studies implicate leucine zipper-mediated AKAP-Lbc homo-oligomerization and 
PKA-dependent phosphorylation of AKAP-Lbc at S1565 as a mechanism that 
decreases AKAP-Lbc-Rho-GEF activity (Baisamy et al. 2005; Diviani et al. 2004). 
While the AKAP-Lbc-RRHS1565WGPGK site diverges somewhat from a canonical 
14-3-3 binding site [RSXpSXP or RXXXpSXP], it nevertheless mediates 14-3-3 
protein binding. Since 14-3-3 proteins typically assume a dimeric structure, 14-3-3
binding promotes AKAP-Lbc homo-dimerization and imposes a  conformational 
constraint that inhibits Rho-GEF activity (Baisamy et al. 2005). In this manner, 
AKAP-Lbc anchored PKA antagonizes Rho signaling in cells.

Fig. 4 mAKAP binds PKA, anchors PDE4D3, and serves as an adaptor to recruit Epac1 and 
ERK5. (a) Schematic representation and protein domain organization of AKAP-Lbc, which 
includes two ankyrin repeats, a PKA-binding domain, a C1 domain, and both Dbl (DH) and pleck-
strin (PH) homology domains. (b) Various Gα12-coupled receptors enhance the Rho-GEF activ-
ity of AKAP-Lbc, leading to increased GDP-GTP exchange on RhoA and the activation of 
downstream effectors that remodel the actin cytoskeleton and influence gene transcription. 
AKAP-Lbc also localizes PKD with its upstream activator PKC (which interacts with the AKAP-
Lbc-PH domain). (c) PKA anchored to AKAP-Lbc executes phosphorylations that inhibit AKAP-
Lbc-Rho GEF activity and release active PKD from the AKAP-Lbc complex
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AKAP-Lbc also has been implicated in the activation of PKD, a serine/threonine 
kinase that has recently emerged as a biologically important mediator of cardiac 
hypertrophy/remodeling. PKD phosphorylates class II HDACs (effectively  neutralizing 
HDAC5’s repressive effects on MEF2-dependent transcription and inhibiting 
HDAC5’s antihypertrophic actions), cardiac troponin I, and CREB (Vega et al. 2004; 
Haworth et al. 2004; Harrison et al. 2006). PKD activation is via translocation to 
membranes and PKC-dependent phosphorylation of S744/S748 in the activation loop. 
There is recent evidence that the AKAP-Lbc-PH domain binds certain PKC isoforms 
(PKCα and PKCη) (Carnegie et al. 2004) and that AKAP-Lbc coordinates PKC-
dependent PKD activation in cells (Carnegie et al. 2004). PKA contributes to the 
activation of AKAP-Lbc-anchored PKD by phosphorylating AKAP-Lbc at S2737 in 
the PKD-binding region that releases newly phosphorylated PKD to the cytosol.

6 Conclusion

The role of molecular scaffolds in the regulation of signaling pathways is a rela-
tively new concept that offers a host of heretofore unanticipated therapeutic 
approaches for the therapy of cardiovascular disorders. This concept has been 
reinforced by recent evidence that genetic abnormalities of scaffolding proteins 
may underlie certain cardiac disorders. For example, recent studies identify a poly-
morphism in a human AKAP gene that leads to marked differences in this protein’s 
affinity for PKA and is associated with cardiac rhythm disturbances, including a 
decreased PR interval on the ECG, an increase in basal heart rate, and decreased 
heart rate variability (a finding that is characteristic of decreased vagal tone and has 
been viewed as a predictor of sudden cardiac death; Tingley et al. 2007; Kammerer 
et al., 2003). Modulation of proteins that control important signaling pathways in 
the heart provides an alternate therapeutic strategy to influence the incidence and/or 
progression of various cardiac disorders.
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Abstract Low-affinity protein–protein interactions (PPI) between domains of 
modular proteins and short, solvent-exposed peptide sequences within their binding 
partners play an essential role in intracellular signaling. An important class of 
PPIs comprises proline-rich motifs (PRM) that are specifically recognized by PRM-
binding domains (PRD). Aromatic side chains of the PRDs define the binding 
pockets that often recognize individual proline residues, while flanking sequences 
 mediate  specificity. Several of these PRM:PRD interactions are associated with 
cellular malfunction, cancer or infectious diseases. Thus, the design of PRM:PRD 
inhibitors by using structure-based molecular modeling as well as peptidomimetic 
approaches and high-throughput screening strategies is of great pharmacological 
interest. In this chapter we describe the molecular basis of PRM:PRD interactions, 
highlight their functional role in certain cellular processes and give an overview of 
recent strategies of inhibitor design.
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1  Small-Molecule Modulators of Protein–Protein 
Interactions (PPI)

To date, only ~1% of the roughly 30,000 unique protein sequences encoded by the 
human genome have been targeted successfully by small-molecule drugs. Furthermore, 
these protein targets fall into few structural or functional families, e.g. enzymes 
and G-protein-coupled receptors (Bleicher et al. 2003). Typically, the natural sub-
strates for these successfully targeted proteins are themselves small organic mole-
cules. In contrast, there has been notably little success in developing small molecule 
modulators of proteins whose natural ligands are other proteins (Arkin and Wells 
2004). Therefore, such protein targets were commonly considered “non-druggable.” 
A major reason for the difficulty in mimicking protein–protein interactions (PPI) is 
the fact that many PPIs are characterized by flat and rather large binding interfaces, 
displaying little concavity. Especially for non-enzymatic proteins, these surfaces 
can be almost devoid of characteristic cavities that are well suited for interference 
with small-molecule ligands.

However, in 1995 a landmark study based on alanine scanning mutagenesis of 
human growth hormone and its receptor demonstrated that the main contribution to the 
binding energy derives from contacts with a small fraction of amino acids (hotspots) 
constituting the protein–protein interface (Clackson and Wells 1995). For the first time 
it seemed feasible for small molecules to access such hotspots, and it was subsequently 
shown that small-molecule inhibition of protein–protein interactions is possible 
(Fischer and Lane 2004; He et al. 2005; Oltersdorf et al. 2005). Another strategy is 
exemplified by binding of a small molecule to the cytokine IL-2 which induces 
changes in the protein surface via low-energy rearrangement of some hotspot side 
chains, thereby interfering with receptor binding of the cytokine (Arkin et al. 2003). In 
these cases, the discovery of small-molecule inhibitors of PPIs has depended on 
applied screening methods rather than on in silico approaches based on the target 
structure. On the other hand, a large number of complex structures of PPI sites with 
peptides have been solved in recent years (for reviews see Lim 1996; Ilsley et al. 2002; 
Harris and Lim 2001). Analysis of these complexes in combination with the SPOT 
synthesis techniques (for review see Frank 2002) can help extract information about 
both the hotspot region and the important molecular interactions. This allows the use 
of virtual screening methods and rational design in the development of small molecule 
peptidomimetics. In summary, despite the above-mentioned advances, the develop-
ment of small molecule modulators of PPIs is a great scientific challenge that requires 
close collaboration between protein and organic chemistry, assay development, screen-
ing, and rational drug design.

2  Adaptor Domains as Key Components of PPI-Mediated 
Signal Complex Formation

The potential to interfere with PPIs in multi-protein signaling complexes is of great 
importance both for the understanding of cell physiology and for the development 
of novel disease treatments. Modular proteins involved in signal transduction utilize 
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highly conserved non-catalytic adaptor domains that mediate PPIs during the 
formation of multi-protein signaling complexes. In general, these adaptor domains 
must fulfill certain requirements to exert their binding function. Firstly, the structural
properties of the domain have to ensure the incorporation into a limited set of 
macromolecular complexes. The limited specificity of the adaptor domains may 
well be complemented by additional contacts of surrounding PPIs (Zarrinpar et al. 
2003a). Secondly, the interactions have to be reversible to allow the dissociation of 
the complex as soon as a certain stimulus occurs or is removed. The requirement 
for relatively high off rates implies that PPIs are often characterized by modest 
affinities in the low micromolar to low millimolar range. Recognition of short, sol-
vent-exposed peptide sequences mostly fulfills this prerequisite. Correspondingly, 
many adaptor domains have been shown to bind to small synthetic peptides contain-
ing a characteristic core motif, flanked by residues that are responsible for a certain 
degree of specificity. A large number of different families of PPI domains have 
been described. In many cases, the domains recognize target core motifs containing 
phosphorylated residues. Paradigmatic examples are the Src-homology 2 (SH2) and 
phosphotyrosine-binding (PTB) domains which bind core sequence motifs contain-
ing phosphorylated tyrosines (Vetter and Zhang 2002). Among others, forkhead-
associated (FHA) domains are often utilized by eukaryotic proteins for the 
recognition of phosphoserine- and phosphothreonine-containing peptides (Williams, 
Bernstein et al. 2005). Another well-known family of protein-interaction domains 
is the postsynaptic density/disc-large/ZO1 (PDZ) family that recognizes and binds 
the extreme C-terminal sequence of their binding partners (Dev 2004). An impor-
tant class of PPI modules binds to solvent-exposed regions within their respective 
target proteins containing proline-rich motifs (PRMs). These PRM-recognition 
domains (PRDs) are especially abundant in higher eukaryotes and are particularly 
interesting in the context of multi-component signaling events that govern cellular 
behavior in its full complexity. The functional context of PRDs, their recognition 
codes and the regulation of PRD-binding function will be described in the follow-
ing. Subsequently, efforts to target the respective interaction sites by small organic 
compounds will be discussed.

3  Properties of the PPII Helix and Principles 
of PRM Recognition

A common property of all PRMs is that they preferentially form a left-handed 
poly-proline type-II (PPII) helix with an overall shape resembling a triangular 
prism (Kay et al. 2000). This structural element has a helical pitch of 9.3 Å, three 
residues per turn, and F and Y angles centered around −75° and 145°, respec-
tively (Bochicchio and Tamburro 2002; Cubellis et al. 2005). The PPII helix is 
characterized by a complete lack of main-chain hydrogen bonding patterns that 
are commonly used to identify other secondary structures, such as α-helices or 
β-sheets. This property is the reason for problems in distinguishing PPII helices 
from unfolded conformations using NMR spectroscopy. However, other spectro-
scopic techniques, such as CD spectroscopy, indicate that the PPII helix is the 
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common conformation of the unbound state (Tiffany and Krimm 1968). Although 
proline is common in PPII helices, PPII helices without proline were found in 
46% of the total identified proteins taken from the HOMSTRAD database 
(Mizuguchi et al. 1998; de Bakker et al. 2001). Most amino acids are accepted in 
the context of the PPII helix, though glycine and aromatic amino acids have low 
propensities to be part of this structure (Cubellis et al. 2005). Results of a theo-
retical study shed light on the forces stabilizing the PPII helix (Sreerama and 
Woody 1999). A PPII, an α-helix and a β-strand were the starting conformations 
for a molecular dynamics study of an (Ala)

8
-peptide in water. Only the α-helix 

remained intact during the simulation, while the others showed more flexibility 
due to the lack of stabilizing intramolecular hydrogen bonds. The PPII conforma-
tion was found to be populated twice as frequently as the β-strand. In fact, for 
both conformations the water molecules form hydrogen bonds to the peptide 
backbone and to one another, thus constituting a bridge connecting two backbone 
atoms of the peptide. Interestingly, only in the case of the PPII conformations 
were water molecules able to connect two consecutive oxygen atoms of the back-
bone. This clearly suggests that water can be important in stabilizing the PPII 
structure. It was shown that PPII helices disrupt the structural arrangement of 
water molecules to a smaller degree than α-helices and β-sheets. Thus, PPII helix 
formation appears to be entropically driven (Kentsis et al. 2004; Mezei et al. 
2004). The tendency of the PPII structure to form favorable contacts with water 
is potentially responsible for the finding that PPII helices within proteins are fre-
quently solvent-exposed (Adzhubei and Sternberg 1993). Taking into account 
that PPII conformers contain an increased number of non-satisfied hydrogen 
bond donors and acceptors in comparison to α-helices and β-strands, the PPII 
helix is well suited to take part in protein–protein interactions.

4 Molecular Features of PRD

The signaling domains that recognize PRMs that have been identified so far seem 
to have evolved specifically to exploit the special features of the amino acid proline. 
The signaling domains known to interact with PRMs are the SH3 (Varmus et al. 
1989), the WW (Bork and Sudol 1994), the EVH1 (Niebuhr et al. 1997), the GYF 
(Nishizawa et al. 1998, Freund et al., 1999) and the UEV domain (Garrus et al., 
2001; Pornillos et al., 2002a). In addition, profilin was found to bind to PRMs 
(Tanaka and Shibata 1985), aside from its property as an actin-interacting protein 
involved in cytoskeletal assembly (Carlson et al., 1977). This set of adaptor 
domains may not be complete, for example, the binding domain of prolyl-4-
hydroxylase could be an additional member of the PRD family (Myllyharju and 
Kivirikko 1999). From the studies of these domains, several features of PRM 
 recognition have emerged from the structures of PRD:PRM complexes (Musacchio 
et al. 1994a; Yu et al. 1994; Macias et al. 1996; Prehoda et al. 1999; Pornillos et al. 
2002a; Freund et al. 2002). A set of conserved, often aromatic amino acid residues 
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defines the respective fold families, and the aromatic side chains form at least one 
stacked pair of an aromatic cradle that represents the proline-binding pocket. The 
structural comparison shows that while GYF and WW domains converge on a sin-
gle pocket, SH3, EVH1 and UEV mediate PRM recognition via two neighboring 
surface depressions. A detailed structural comparison has been described in a 
number of excellent reviews and will not be discussed here (Mayer 2001; Zarrinpar 
et al. 2003a; Li 2005; Kay et al. 2000; Sudol 1996; Ball et al. 2005; Kofler and 
Freund 2006). Despite the convergence in ligand binding, it has to be noted that the 
folds of the various domains are quite different. They all represent stable scaffolds 
that are compatible with the formation of the aromatic cradle, and nature has 
exploited these scaffolds early on in evolution since all of the domains exist in 
S. cerevisiae. It is interesting in this respect that scaffold amplification is observed 
for SH3 and WW domains, which contribute to the assembly of many protein com-
plexes in higher eukaryotes. In contrast, the occurrence of GYF domains has 
remained relatively constant. For example, there are three characterized GYF 
domains containing proteins each in S. cerevisiae and H. sapiens. The anticipated 
function of GYF domains in splicing-associated processes is therefore likely to be 
conserved throughout evolution, while several functional clusters are associated 
with SH3 and WW domains.

Whereas most members of the PRDs converge on the recognition of at least two 
prolines in the PRM, there is considerable variety in the accommodation of resi-
dues flanking the proline-rich core motif. Interestingly, variations occur within the 
respective fold families as well as between folds. Consequently, the array of lig-
ands bound by one fold family member might be more similar to the member of 
another fold family than to a member of its own family. For example, an early 
finding suggested that the SH3 domain of Abl and the WW domain of FBP11 bind 
to similar PRM in vitro (Bedford et al. 1997), and evidence is mounting that such 
“shared targets” exist in vivo (Kofler and Freund 2006). How then is specificity 
obtained in PRM recognition? A certain degree of specificity is often introduced 
by charge complementarity. Charged residues flanking the proline-binding pocket 
within the domain preferably select ligands with opposite charge. For example, the 
Fyn-SH3 domain contains a very acidic RT loop (a feature shared by most SH3 
domains) that leads to the preferred ligand signatures RxxPxxP and PxxPxR, 
dependent on the two pseudosymmetric orientations of the peptide (Cesareni et al. 
2002). Similarly, the GYF domain of CD2BP2 favors positive-charged ligands 
over neutral or negatively charged ligands. Correspondingly, Fyn-SH3 and 
CD2BP2-GYF were shown to bind to the same positively charged PRM in the 
CD2 cytoplasmic tail with low, but comparable affinity (Freund et al. 2002). While 
sequence recognition outside the proline pocket(s) still allows a whole set of dif-
ferent peptides to bind to the individual domains, it clearly reduces sequence space 
considerably by deselection based on steric hindrance and charge repulsion. The 
power of negative selection was shown in a paper from the Lim group which 
showed that within a given organism an SH3 domain with almost exclusive ligand 
specificity could be observed (Zarrinpar et al. 2003b). However, such specificity 
can normally not be observed at the level of recognition rules alone since other 
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powerful factors, such as compartmentalization, avidity and multiple additional 
interactions contribute to specificity in vivo. However, molecular promiscuity also 
seems to be inherent to many PRD and thereby allows the recruitment of the 
respective proteins to different target sites within the cell. A common feature of 
most PRDs is that their N and C termini are located relatively close in space, 
thereby allowing the domains to be integrated into the respective full-length pro-
teins with minimal disruption of the overall  protein structure.

5 Recognition Codes

Since the early days of PRD identification, attempts have been made for the thor-
ough identification of the recognition code of the respective domains. Phage dis-
play and peptide SPOT analysis have contributed most to defining the sequence 
space of PRDs, and refinement of this is still ongoing. Classification schemes are 
mainly based on ligand specificity and are supported by the structures of PRD-
ligand complexes in many cases. We will not discuss this, since several excellent 
reviews have been written on this topic (Musacchio et al. 1994b; Karkkainen et al. 
2006; Sudol 1996; Kay et al. 2000; Mayer 2001; Zarrinpar et al. 2003a; Li 2005). 
One interesting question raised in this context is whether the highest affinity bind-
ers really represent the physiological targets in vivo. For example, in the case of 
GYF domain binders, the PPGW motif was contained in a peptide derived from 
phage display selection, and subsequent analysis showed a higher affinity as com-
pared to cognate ligands. As already discussed, additional factors come into play 
in vivo, and selection of the highest affinity binder might not be necessary in such 
cases. In addition, motif repetition has been shown to be a powerful mechanism to 
introduce threshold behavior into signaling circuits mediated by multiple phos-
phorylation sites (Nash et al. 2001). Whether similar molecular behavior can be 
elicited by multiple PRMs – possibly by indirect coupling to post-translational 
modifications – remains to be investigated. To account for avidity or cooperativity 
effects, motif repetition can be taken into account for database searches, as it was 
for the identification of natural peptide binders of GYF domains (Kofler et al. 
2005). However, additional data need to complement the in vitro kursiv setzen 
selection data, and ideally the interaction should be verified in a cellular environ-
ment, e.g. by FRET experiments.

It should be noted that an increasing number of cognate ligands have been 
identified that contain only one or no proline. The first structure showing that 
SH3 domains are able to interact with a folded structure devoid of the canonical 
P-X-X-P motif came from the p53 binding protein 2 in complex with p53 (Gorina 
and Pavletich 1996). Another interesting example of such an interaction is the 
complex of the Gads SH3 domain bound to a peptide from SLP-76 (Harkiolaki 
et al. 2003; Liu et al. 2003). In this case, the ligand does not form a PPII helix; 
instead, one turn of a 3

10
 helix is formed by the R-X-X-K motif of the SLP-76 

peptide. Along these lines, some of the domains were shown to be able to interact 
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with the composite-binding partner of other proteins. For example, the SH3 
domain of Fyn additionally interacts with the SH2 domain of SAP by employing 
its RT loop and neighboring regions (Chan et al. 2003). PRM binding and SAP 
binding should therefore be competitive. For the GYF domain of CD2BP2, simul-
taneous and independent binding of PRMs and the “back-site” binding partner 
U5–15 K could be observed (Nielsen et al. 2007; Kofler and Freund, unpublished 
observations). This shows that additional binding events within the domain itself 
may already modulate the localization and function of PRD-containing proteins.

6 Regulation of the Binding Function of PRDs

Although the binding affinities for PRDs are usually in the µM range, proteins 
containing these domains might nevertheless contribute critically to protein com-
plex formation. Many of these complexes become activated when a certain biological
stimulus arrives and complex assembly needs to be suppressed prior to activation. 
Therefore, activation-induced unmasking or compartmentalization of the PRD 
binding site is frequently observed in proteins. While certain WW domains have 
evolved into p-Ser-dependent modules (Lu et al. 1999), it has also been observed 
that post-translational modifications adjacent to the PRM affect the binding of SH3 
domains in vitro (Bedford et al. 2000). The compartmentalization of PRD-contain-
ing proteins will usually be assisted by domains other than PRDs, but it has also 
been observed that the PRD itself is absolutely required for the localization of cer-
tain proteins. Another possibility is that PRD:PRM interactions contribute to 
compartmentalization, but will be complemented or substituted by other, more 
specific interactions during the course of protein complex assembly. There are sev-
eral examples of molecular complexes that rely on multiple domain interactions in 
conjunction with post-translational modifications. A well-described system is the 
NADPH oxidase, the catalytic and membrane-bound core of which consists of the 
gp91 and p22 subunits (Li 2005; Takeya et al. 2006). The cytosolic components 
p40, p47, p67 and Rac1 need to be recruited to the membrane for activation of the 
oxidase. A critical step in the assembly is the release of an autoinhibited conforma-
tion of the p47 protein. The two SH3 domains of this subunit are able to interact 
directly, forming a super-SH3 fold with a composite binding site that is masked by 
a basic C-terminal region comprising the motif RGAPPRRSS (Groemping et al. 
2003). Upon stimulation of the cell, several serine residues in the polybasic region 
become phosphorylated, the auto-inhibited conformation is released, and binding 
of p47 to a classical PxxP motif within the membranous p22 subunit takes place. 
This example highlights several of the general mechanisms that are able to modulate 
the binding function of PRDs: (1) intramolecular interactions represent a means to 
prevent premature binding, (2) PRDs may form dimers with altered binding 
specificities, (3) sequences other than classical PxxP motifs are able to interact 
with the SH3 interaction site, and (4) post-translational modifications are able to 
couple indirectly to PRD scaffolding. Furthermore, the PX domain of p47 is also 
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necessary for membrane recruitment of the protein, nicely exemplifying the addi-
tive or even cooperative binding of modular domains within the context of multi-
protein complexes.

Another paradigmatic example of enzyme regulation by SH3 domains is the 
members of the Src family of tyrosine kinases. These proteins can exist in two 
major forms: an inactive, auto-inhibited conformation that is stabilized by intramo-
lecular interactions between the SH2 domain and a phosphotyrosine motif and 
between the SH3 domain and a proline-helix-forming linker segment between the 
SH2 and kinase domain (Xu et al. 1999). Dephosphorylation of the inhibitory tyro-
sine and intermolecular binding by the SH2 and SH3 domains leads to the forma-
tion of a fully active conformation that is able to phosphorylate several downstream
targets. This “turned on by touch” behavior seems to be a remarkably common 
feature of tyrosine kinases in general, even in cases where binding partners are 
distinct and post-translational modifications differ (Boggon and Eck 2004). 
Targeting by SH3 domains and other adaptor domains is thereby unequivocally 
linked to the control of enzymatic activity.

7  PRD:PRM Complexes as Targets for Pharmacological 
Intervention

PRD:PRM interactions are widely utilized by nature in higher eukaryotes and have 
been implicated in diverse processes, such as tyrosine kinase receptor signaling 
(Komuro et al. 2003), rather: endosomal trafficking (Hurley and Emr 2006), 
cytoskeletal rearrangements (Dustin et al. 1998; Laurent et al. 1999), transcrip-
tion (Goldstrohm et al. 2001) and splicing (Zhang et al. 2000; Kofler et al. 2004; 
Kofler et al. 2005; Laggerbauer et al. 2005; Nielsen et al. 2007). Some of the 
domains seem to participate in a more specialized and evolutionary conserved func-
tion. For example, evidence is mounting that the primary role of GYF-domain-
containing proteins is associated with the processing of mRNA in the context of 
splicing, mRNA transport and degradation. For UEV domains a critical function in 
endosomal sorting has been shown, and viruses hijack the domain to exploit the 
protein’s function for the budding process. EVH1 domains are cytoskeleton-
 associated proteins that, for example, as part of the Ena/VASP proteins, promote the 
branching of actin filaments in lamellipodia (Bear et al. 2002). Contrary to GYF, 
UEV, and EVH1 domains, the SH3 and WW folds have experienced a more 
dramatic amplification during eukaryotic evolution (Zarrinpar et al. 2003). They 
are contained in a manifold of proteins and thereby seem to present almost univer-
sal scaffolds for the establishment of signal transduction networks. It is tempting 
to speculate that such differences in occurrence are due to the adaptability of the 
scaffold itself, but more systematic investigations of scaffold mutability in combi-
nation with ligand-array-based assays are needed to support such a hypothesis. 
Interestingly, the two fold families also play a role in the processes for which the 
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other PRDs are specialized. In many instances, WW domains are involved in 
nuclear function, such as splicing and transcription, and thereby they act in the 
same functional framework as GYF domains (Sudol et al. 2001). Additionally, WW 
domains are found in proteins binding to the actin cytoskeleton, and they play a 
targeting role within E3 ubiquitin ligases, such as Nedd4 (Staub et al. 1996; Ingham 
et al. 2004). SH3 domains are often found in proteins at the cytoskeleton-membrane 
interface, for example as dynamin-interacting proteins (Orth and McNiven 2003). 
The occurrence of SH3 domains in Src and many other tyrosine kinases, often in 
conjunction with the phosphotyrosine-binding SH2 domains, confines the enzy-
matic activity of these kinases to certain subscellular locales and a limited set of 
target proteins (Boggon and Eck 2004). Modulation of enzymatic activity by 
SH3 domain-mediated interactions within the context of macromolecular com-
plexes is also observed for GTPases, such as dynamin (Scaife and Margolis 1997), 
and for NADPH oxidase (see discussion above).

In light of the many processes that involve PRD:PRM recognition, it was not 
surprising to find that ablation of these interactions by mutations are correlated with 
certain diseases. Liddle syndrome, a disease associated with hypertension, is 
caused by mutations in the PPxY motifs of the cytoplasmic domains of the amilo-
ride epithelial sodium channel (Schild et al. 1996; Kanelis et al. 2001). The proline-
rich region of huntingtin is targeted by SH3 (Qin et al. 2004) and WW domains 
(Holbert et al. 2001) and is likely to play a role in the progression of Huntington’s 
disease pathogenesis. A missense mutation within the WW domain of the poly-
glutamine-tract-binding protein PQBP-1 leads to Golabi-Ito-Hall syndrome, a cer-
tain type of X-linked mental retardation (Lubs et al. 2006). Mutations within the 
EVH1 domain of WASP affect the binding to the proline-rich ligand of the WASP-
interacting protein (Volkman et al. 2002) (WIP) and are causative for Wiskott-
Aldrich syndrome, an X-linked recessive disorder leading to immunodeficiency, 
eczema and thrombocytopenia (Derry et al. 1994; Derry et al. 1995; Kolluri et al. 
1995; Villa et al. 1995; Zhu et al. 1997). These examples show that PRD:PRM
interactions are pivotal for the formation of certain molecular assemblies associated 
with cellular malfunction. Along these lines the question may be asked which PRD:
PRM containing target couples are good candidates for pharmacological interference 
and are of potential significance for drug research. We select specific cases for each 
of the fold families and discuss the possible merits of such an inhibition in the 
respective molecular context (Fig. 1).

7.1 SH3 Domains

Protein tyrosine kinases of the Src family are essential for cell development, growth, 
replication, adhesion, motility and neuronal function, and they are overexpressed in a 
wide number of human cancers. In the brain, the SH3 domain of Fyn tyrosine kinase 
was shown to interact with microtubule-associated Tau protein (Lee et al. 1998). Tau 
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is the major component of neurofibrillary tangles formed during Alzheimer’s disease, 
and it is linked genetically to frontotemporal dementias (FTDP-17). Disease-related 
mutations in the Tau protein negatively affect the ability of the protein to bind and 
stabilize microtubuli (Hong et al. 1998). The various splice variants of Tau bind with 
different affinities to Fyn-SH3, and tyrosine phosphorylation was hypothesized to 
modulate these affinities (Bhaskar et al. 2005). Brain-specific inhibition of Fyn 
kinase is suggested to alter the onset of neuronal diseases, such as Alzheimer’s 
(Chin et al. 2005), and the current data are sufficiently persuasive to suggest that 
the Fyn-SH3:Tau interaction has an impact on the Fyn-mediated progression of 
the disease.

Association of Src kinase family members with the cytoplasmic tails of transmem-
brane receptors is another common theme for these proteins, and many of the targeted 
receptors are involved in growth and differentiation of cells. For example, many of 
the T-cell-receptor-associated adhesion and co-stimulatory molecules are targeted 
by Src kinases, and in several cases this recruitment is mediated or at least comple-
mented by the SH3 domain. Examples are CD28 and CD2, two molecules expressed 
specifically in T cells and NK cells. Both molecules harbor cytoplasmic PRM sites 
that are recognized by essential signaling molecules, such as Grb2 or the tyrosine 
kinase Itk in the case of CD28 (Okkenhaug and Rottapel 1998; Kim et al. 1998) and 
Fyn in the case of CD2 (Lin et al. 1998; Fukai et al. 2000). Antibodies against both 

Fig. 1 Pharmacological interference with PRM:PRD interaction in the context of disease. Shown 
are examples of cellular PRM:PRD interactions for every PRD fold family that represent phar-
macological targets for drug development
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of these molecules were shown to be effective in prolonged tolerance of transplants 
in cellular and animal models (Woodward et al. 1996; Rothstein and Sayegh 2003), 
and it is attractive to think of intracellular inhibition of the corresponding signaling 
pathways as a novel avenue of immune suppression. Fyn was shown to bind to several 
of the PRMs within the cytoplasmic domain of CD2. Interestingly, binding of the 
closely related Lck protein to the RPPPPGHR motif of the CD2 tail was much weaker 
and could be explained by a T97H exchange within the RT loop of the respective SH3 
domain (Freund et al. 2002). The histidine in Lck forms an intramolecular hydrogen 
bond to aspartate 100, while the corresponding threonine residue in Fyn points 
towards the solvent. Thereby, a ligand arginine is able to insert into the specificity 
pocket of Fyn-SH3, but not Lck-SH3. This example shows that selective inhibition of 
SH3 domains may be achieved by exploiting small differences in the specificity 
determining regions of the respective SH3 domain.

7.2 WW Domains

ErbB-4 is the newest identified member of the epidermal growth-factor-receptor 
family and seems to be a good tumor marker for certain types of malignancies, 
such as prostate, lung or breast cancer (Starr et al. 2006; Ben et al. 2007; Junttila 
et al. 2005). The C-terminal fragment (CTF) of ErbB-4 is cleaved by γ-secretase 
and shuttles to the nucleus of stimulated cells (Ni et al. 2001). The two WW-
domain-containing proteins WWOX and YAP (Yes kinase associated protein) 
were shown to compete for interaction with the PPXY motifs of the cytosplamic 
tail of the ErbB-4 receptor (Komuro et al. 2003; Aqeilan et al. 2005). YAP acts 
as a transcriptional coactivator, while WWOX, which was described as a tumor 
suppressor gene (Paige et al. 2001), binds to ErbB-4 in the cytoplasm, thereby 
acting as an inhibitor of CTF nuclear translocation. For future drug development, 
the challenge will be to develop an inhibitor that targets the WW domain of YES, 
but leaves the interaction of WWOX and ErbB-4 unaffected. Since both WW 
domains converge on the same recognition motifs, amino acids outside the con-
served proline-binding pocket have to be addressed as differentiating epitopes for 
the binding of chemical moieties (see discussion below). The power of negative 
selection, for example, implemented as a pre-clearing step in the screening proc-
ess, might be employed in order to gain predominant inhibition of the desired 
WW domain.

7.3 GYF Domain

The GYF domain has so far not yet been unambiguously assigned to certain dis-
ease states. Nevertheless, overexpression of the GYF-containing protein CD2BP2 
was observed in chronic fatigue syndrome (Kaushik et al. 2005), and the same 
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protein was found to be overexpressed in estradiol-, 4-hydroxytamoxifen- and 
acolbifene-treated T47D breast cancer cells (Al Dhaheri et al. 2006). Independent 
of its possible role in these disease-related processes, GYF domain inhibition 
would be a valuable tool for deciphering its function within the spliceosome. 
Several proteins exist that are likely to be targeted by CD2BP2-GYF. A specific 
inhibitor in combination with pulldown experiments and proteomic analysis 
would enable the delineation of the relative contribution of PRM recognition to 
GYF domain function. Since the GYF domain contains a second, PRM-inde-
pendent binding site for the U5 snRNP protein 15 K (Nielsen et al. 2007), site-
specific blocking of the PRM pocket by peptides or small molecules is an 
effective strategy to achieve such de-convolution of a binary adaptor domain. 
Thereby, PRM recognition by the GYF domain could be a paradigmatic example 
of PRM recognition in the context of multiple binding events within a macromo-
lecular complex.

7.4 EVH1 Domains

Listeria monocytogenes infections are a common cause of food poisoning, and an 
effective means to block their infectivity is highly desirable. These pathogens contain 
a protein called ActA that contains four EVH1 FPPPP consensus motifs and that 
effectively hijacks the EVH1-containing proteins Ena and VASP (Chakraborty et 
al. 1995). EVH1-mediated actin binding allows the bacterium to propel itself along 
the cell’s actin cytoskeleton, leaving behind a so-called actin-rich “comet tail” and 
thus allowing the pathogen to move rapidly through a cell’s cytoplasm. Deletion 
of the FPPP motifs in ActA or injection of FPPPP-containing peptide into the cyto-
plasm strongly reduces the motility of Listeria (Southwick and Purich 1994), and 
small-molecule mimetics of the FPPPP motif would represent an important step 
towards a Listeria-targeting drug.

Another interesting class of proteins containing EVH1 domains is the Homer 
proteins (Shiraishi-Yamaguchi and Furuichi 2007). These proteins are implicated 
in the formation of oligomeric structures of the post-synaptic density matrix and 
thereby contribute to synaptogenesis and receptor trafficking. In addition, Homer 
proteins are directly involved in controlling glutamate levels in the limbo-
 corticostriatal regions of the brain. Studies of Homer knock-out mice revealed 
involvement of these proteins in a number of behavioral abnormalities and neu-
ropsychatric disorders, such as addiction, depression, epilepsy and schizophrenia 
(Szumlinski et al. 2006). Homer 2 knockout and overexpression studies in mice, for 
example, reveal a positive role of the protein in behavior leading to increased alco-
hol consumption (Szumlinski et al. 2005). The role of the EVH1 domain in the 
development of these diseases is not understood, but specific inhibition of Homer 
EVH1 domains would enable their function to be studied and may provide useful 
lead compounds for the development of drugs to be used in the context of neurobe-
havioral disorders.
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7.5 UEV Domains

UEV (ubiquitin E2 variant) domains are homologs of ubiquitin E2 ligases that lack 
the active-site cysteine, but retain the capability of ubiquitin binding, which is often 
of functional importance. Human UEV1a as well as its yeast homolog Mms2, for 
example, are involved in polyubiquitin chain assembly (Hofmann and Pickart 
1999; Deng et al. 2000; VanDemark et al. 2001). Interaction with proline-rich 
motifs, however, has only been described for the UEV domain of human Tsg101 
(tumor-susceptibility gene 101) and its yeast homolog Vps23. PRM recognition of 
Tsg101-UEV plays a pivotal role in endosomal sorting (Williams and Urbe 2007; 
Hurley and Emr 2006; Babst 2005) and has recently been shown to be essential for 
the budding of HIV and other enveloped viruses (Pornillos et al. 2002b; Morita and 
Sundquist 2004; Bieniasz 2006). The P(T/S)AP motif of HIV-1 is called the L (late) 
domain, because it is essential for the late budding step of pinching off the plasma 
membrane (Gottlinger et al. 1991; Huang et al. 1995). This L-domain was shown 
to interact with Tsg101-UEV (Garrus et al. 2001; VerPlank et al. 2001), presumably 
recruiting the ESCRT machinery to the budding site at the plasma membrane. 
Thereby, viruses might mimic the function of the cellular protein Hrs that is 
assumed to recruit the ESCRT machinery to the endosomal membrane via a PSAP-
UEV interaction (Pornillos et al. 2003). As Tsg101-UEV is essential for HIV repli-
cation, the Tsg-UEV/HIV-PTAP interaction is an attractive target for the development 
of antiviral compounds. These compounds should very specifically target the PRM 
recognition site within the UEV domain as is guaranteed by a proline-mimetic 
approach described by Liu and colleagues (2006). Such a strategy might make it 
possible to inhibit virus replication without interfering with other functions of 
Tsg101 such as cell proliferation and survival (Krempler et al. 2002; Wagner et al. 
2003; Carstens et al. 2004). This is supported by the finding that overexpression of 
the N-terminal (UEV) domain of Tsg101 efficiently blocks HIV release, while 
overexpression of the C-terminal domain or full-length Tsg101 results in aberrant 
endsosomes (Demirov et al. 2002; Goila-Gaur et al. 2003).

8 Ligand Design for PRDs

A first strategy for PRM:PRD inhibition was based on the introduction of non-
natural amino acids into the known “wild-type” peptides (Nguyen et al. 1998, 
2000). They demonstrated that the second proline residue of the PxxP motif rec-
ognized by SH3 domains could be replaced with N-alkylated glycine derivatives 
to create ligands exhibiting enhanced affinities. Their strategy for inhibitor design 
can be outlined as follows: maintain the required hybrid Cα- and N-substituted 
scaffold, but vary side-chain identity along this scaffold to optimize complemen-
tarity. Using this strategy, they could not only enhance the affinity of the peptoid 
structures compared to wild type peptides, but also improve the selectivity 
within the family of SH3 domains. The replacement of prolines in the conserved 
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PxxP motif by N-substituted glycines was also successfully applied to peptides 
recognized by the class-1 EVH1 domain of human VASP (Zimmermann et al. 
2003). It could be shown that the first proline of the PxxP motif of the ActA-
derived peptide SFEFPPPPTEDEL can be replaced by an N-propylphenyl-substi-
tuted glycine without loss of binding. However, substitution of the last proline 
with this approach was not possible, indicating that successful replacement of 
prolines within a PPII helix is position-dependent. The ability of these structures 
to replace prolines depends mostly on their ability to reach additional binding 
sites on the domain surface. The relevance of epitope recognition was exempli-
fied for the EVH1 domain (Zimmermann et al. 2003). It was found that the 
mutated peptide SFEAPPPPTEDEL is not able to bind to the class-1 EVH1 
domain due to the F to A exchange at position 4. However, the binding could be 
restored by replacement of the first proline (position 5) with N-proylphenyl-gly-
cine. In that case, the phenyl ring of the non-natural amino acid is able to reach 
the F

4
 binding epitope of the wild type peptide.

For short proline-rich peptides, little or no ordered secondary structure is 
observed before binding takes place. The association of an unfolded peptide with 
PRD involves unfavorable binding entropy due to the loss of rotational freedom on 
forming a PPII helix. Despite the slight preference of unbound PRM peptide 
structures for forming a PPII helix, only a small fraction of peptides is available in 
a preformed PPII conformation. Thus, concepts were developed to stabilize the 
PPII helix by replacing residues within PRM by conformationally restricted PPII 
mimetics. However, as yet only few examples for isosteric PPII helix modules have 
been published. Several of those are shown in Fig. 2.

Compound A was synthesized recently as a potential PPII helix isostere (Bandur 
et al. 2005). The stereo-selective construction of a tri-substituted double bond in an 

Fig. 2 Selection of known PPII mimetics
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E-Pro–Pro isostere induces an anti-periplanar conformational lock that constrains 
the two rings in a PPII-typical orientation. However, this compound lacks the “cen-
tral” carbonyl group that seems to be important for the binding to PRDs. Tremmel 
and Geyer (2002) described the synthesis and the structural analysis of a hexapep-
tide surrogate based on a trimer of scaffold B displaying all characteristic features 
of the PPII helix. The sugar-derived peptide mimetics have the amphiphilic charac-
ter of Ser-Pro dipeptide units. Castelhano et al. (Witter et al. 1998) (WO 98/54208) 
developed a highly constrained spirolactam mimetic (compound C) of two prolines 
within the PLPPLP sequence of SH3-binding peptides. They also showed that 
incorporating a tricylic spirolactam scaffold into a p85-derived peptide (see com-
pound D) instead of a PV-motif maintained the affinity of the wild-type peptide. 
The other diastereoisomers (3R,6S; 3S,6S; and 3S,6R) showed lower affinity. Lack 
of enhanced binding of compound D reflects the absence of entropy gain from 
constraining the structure. This is in agreement with a recently published study 
(Ruzza et al. 2006), in which specific proline positions of a PRM peptide corre-
sponding to a sequence 394–403 of hematopoietic progenitor kinase (HPK-1) were 
replaced by 4(R)- or 4(S)-4-fluoro-L-proline. 4-Fluoro-substituted prolines are 
known to induce and stabilize the PPII helix in solution (Holmgren et al. 1999; Doi 
et al. 2005; Nishi et al. 2005). The propensity for a PPII helix was determined using 
a CD thermal analysis, and the affinity of the HPK-1 peptide to HS1-SH3 was 
measured. They found that none of the peptides with induced PPII helix was able 
to bind with higher affinity than the parent peptide. These results clearly show that 
the induction of a PPII helix in short peptides is not sufficient to increase the affin-
ity towards an SH3 domain. However, the situation is different when peptides are 
incorporated into a protein scaffold (Golemi-Kotra et al. 2004). Schaepartz 
et al. used a miniature protein design strategy based on the avian pancreatic polypep-
tide (aPP). aPP consists of an eight-residue PPII helix linked through a type-I β-turn
to a 20-residue helix characterized by stabilizing interactions between the PPII helix 
and the α-helix. The architecture of aPP enables the protein to display a solvent-
exposed binding epitope at the α-helical or the PPII helical element of the structure. 
Using this strategy, it was possible to design aPP-based mini-proteins with nanomo-
lar affinity to different proteins (Rutledge et al. 2003; Montclare and Schepartz 
2003). The application of the “grafting” strategy on the PPII-part of aPP results in a 
mini-protein that binds with ten-fold higher affinity to Mena than the ActA

11
 ligand 

from Listeria monocytogenes, the best previously known Mena ligand. The peptides 
forming the PPII helix in the mini-protein alone showed very weak affinity to Mena. 
Thus, stabilization of the PPII conformation within the context of a scaffold can 
improve binding affinity.

Recently, Lawrence and colleagues described a strategy to develop peptide/non-
peptide chimeras that bind the SH3 domain of Fyn, a Src kinase family member, in 
a selective manner (Lawrence 2005; Li and Lawrence 2005). Starting with the con-
sensus peptide RALPPLP coupled to a disulfide-linked Tentagel resin, certain 
positions flanking the PxxP motif were modified by introducing (L)-2,3,-diami-
nopropionic acid (DAP). The strategy behind this is based on the idea that modified 
residues adjacent to the core motif may contribute significantly to the binding 
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energy by engaging in non-covalent interactions with sub-sites of the domain that 
cannot be reached by natural amino acids. Using this approach, it was possible to 
develop a highly selective Fyn-SH3 inhibitor with an affinity in the nanomolar 
range. Utilizing the recognition of non-conserved sites of individual adaptor 
domains is a promising way of obtaining specificity. This can only be achieved by 
recruitment of additional hot spot areas for binding located on the domain surface 
and related to the non-conserved sequence segments within the domain family.

Another interesting case is the discovery of UCS15A (Sharma et al. 2001; 
Oneyama et al. 2002; Oneyama et al. 2003). This compound was selected from a 
screen for Src kinase signaling antagonists using a yeast-based high-throughput 
assay identifying compounds that are able to rescue the growth arrest of v-Src 
overexpressing strains. Surprisingly, it was found that although UCS15A was able 
to inhibit the tyrosine phosphorylation of two Src substrates in a dose-dependent 
manner, no in vitro inhibition of Src-kinase activity was observed. Follow-up 
experiments indicated that UCS15A was able to block the SH3-mediated protein–
protein interaction for a number of typical SH3-mediated protein–protein interac-
tions, such as cortactin-Zo1 and Grb2-Sos1. Further, it was shown that the 
compound binds to the PRM directly and not to SH3 domains. It is interesting to 
note that UCS15A contains many H-donating groups destined for interaction with 
exposed main-chain carbonyl oxygens of a PPII helix.

Using the mouse Tec kinase SH3 domain as a model system for structure-based 
ligand design, Inglis and co-workers (2004, 2006) have identified several simple 
heterocyclic compounds that selectively bind to the Tec-SH3 domain. They 
reported that 6-substituted 2-aminochinolines interact with the solvent-exposed 
Trp of the Tec-SH3 domain core motif. NMR chemical shift perturbation from 
[1H,15N]-HSQC experiments using 15N-labeled Tec SH3 protein were analyzed to 
reveal K

D
-values within the 125–300 µM range.

In summary, there are several strategies emerging to design peptide-based high-
affinity ligands for PRDs. Key building blocks have been identified that might 
serve as potent leads for the design of second-generation compounds with improved 
affinities and selectivities.
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Abstract The Rho family of small GTP-binding proteins can activate a large 
number of downstream effectors and participate in a wide variety of biological 
processes, including cell motility, membrane trafficking, cell polarity, gene transcrip-
tion, and mitosis. Specific small-molecule inhibitors of individual effector proteins 
downstream of Rho GTPases would be powerful tools to elucidate the contribu-
tions of particular effectors to these processes. In this chapter we describe the 
identification of a chemical inhibitor of a Rho effector and scaffolding protein neu-
ral-Wiskott-Aldrich syndrome protein (N-WASP), and the discovery of its novel 
mechanism of action, stabilization of N-WASP’s native autoinhibited  conformation. 
Inasmuch as several other Rho GTPase effectors are regulated by autoinhibition, 
we discuss how this regulatory mechanism could be exploited by small molecules 
to develop highly specific inhibitors of other Rho GTPase  effectors. We illustrate 
this concept with the Rac/Cdc42 effector p21-activated kinase (Pak1) and the Rho 
effector mammalian diaphanous-related formin (mDia1).

1 Introduction

1.1 Small-Molecule Inhibitors as Biological Probes

There are many approaches to experimentally eliminate the function of individual 
proteins. These include genetic knockouts, introduction of dominant negative 
 protein forms, antisense or RNA interference-mediated knockdown of expression, 
and the use of specific chemical inhibitors. Drug-like small molecules offer a 
number of advantages over other methods, although thus far the number of proteins 
for which such inhibitors exist is relatively small.

Small-molecule inhibitors are particularly useful for studying highly dynamic 
biological systems, such as the cytoskeletal network in cells (Peterson and 
Mitchison 2002). Small-molecule inhibitors can take effect on a timescale of 
 seconds, thereby offering exquisite temporal control over protein inhibition. This 
rapid means of protein inactivation can allow for more informative perturbation 
experiments, as biologically important events can occur on a sub-second timescale. 
By contrast, genetic knockouts, dominant negative protein forms, and RNA 
 interference-mediated protein downregulation typically require substantially greater 
time to take effect, opening the possibility of functional compensation through, for 
example, upregulated expression of other functionally redundant proteins. Thus, 
chemical inhibitors can be used to reveal the unique consequences of acute loss of 
protein function.

An additional strength of small molecules as research tools is that they are 
 frequently effective in multiple cell types and species. Chemical compounds  developed 
using one experimental system can often be applied to others, whereas, for example, 
genetic knockouts are inherently species specific. Furthermore, genes required for 
organismal viability can require the cumbersome generation of  conditional knockouts 
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for functional analysis. The use of temperature-sensitive alleles can mitigate this 
 problem, but in some cases temperature shifts alone can independently introduce 
 perturbations (Gasch et al. 2000). RNA interference reagents are also typically species 
specific due to nucleotide differences in genes from even closely related organisms. 
Thus, the “portability” of small molecules renders them more broadly useful to study 
diverse biological systems.

In addition, small-molecule inhibitors may allow for inhibition of a subset of a 
protein’s functions, thus providing a finer scalpel for dissecting protein function. 
Whereas genetic knock-out of protein expression or knock-down by RNA 
 interference eliminates all protein function, chemical inhibitors could, for example, 
inhibit catalytic activity while preserving target scaffolding functions (Knight and 
Shokat 2007). Similarly, inhibiting protein function through the use of so-called 
“dominant negative” forms of proteins, which often act by titrating interacting 
partners away from the corresponding endogenous, wild-type protein, can produce 
off-target effects that may be avoided by small molecules that bind and inhibit their 
targets directly.

For these reasons, small-molecule inhibitors offer a powerful and  complementary 
approach for investigating protein function that is distinct from genetic, RNAi-
dependent approaches and the use of dominant negative protein forms.

1.2 Chemical Genetics

Small-molecule inhibitors are typically identified through high-throughput screen-
ing of large libraries of chemical compounds. These screens can be “target-
 specific,” for example, when utilizing purified preparations of the targeted protein, 
or “phenotypic,” when compounds are tested in more complex biological systems. 
This latter approach is often referred to as “chemical genetics,” based on an anal-
ogy to traditional genetics. Traditional forward genetics seeks to link biological 
phenotypes identified in screens with mutations in specific genes. In forward 
chemical genetic screens, compounds are screened for their ability to produce a 
phenotype of interest without regard to the specific target. Subsequent identifica-
tion of the protein targeted by the small molecule thereby causally links the small-
molecule target with the biological process under study. Thus, phenotypic chemical
genetic screens, like traditional genetic screens, can be used to elucidate molecular 
mechanisms through the identification of proteins essential for a biological process. 
In addition to providing a means to discover proteins, however, this approach also 
identifies corresponding chemical inhibitors that can be used to elucidate protein 
function. For example, the compound secramine was identified in a phenotypic 
screen for compounds inhibiting trafficking of the vesicular stomatitis virus G protein 
from the Golgi to the plasma membrane (Pelish et al. 2001). Subsequent identifica-
tion of the target of secramine as the Rho GTPase Cdc42 thereby linked Cdc42 to 
vesicular trafficking from the Golgi and provided a novel reagent for studying this 
function of Cdc42 (Pelish et al. 2006).
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1.3  Chemical Genetics as a Tool to Dissect the Regulation 
of Rho GTPase Signaling

Small-molecule inhibitors can be used to dissect complex cellular signaling 
 networks based on their ability to rapidly inhibit individual proteins participating 
within a network. For example, kinase inhibitors have been invaluable reagents for 
revealing epistatic relationships in signal transduction cascades (Knight and Shokat 
2005). An example of a complex signaling network whose study could benefit from 
specific inhibitors is the signaling network centered around the Rho subfamily of 
the Ras superfamily of small GTP-binding proteins. The Rho GTPases are a family 
of signaling proteins originally linked closely to the regulation of the actin 
 cytoskeleton (Ridley and Hall 1992; Ridley et al. 1992; Nobes and Hall 1995); 
however, ensuing studies have uncovered a myriad of cellular signaling pathways 
that involve the Rho GTPases (Jaffe and Hall 2005). As such, Rho GTPases have 
been implicated in a plethora of biological functions and disease states, including 
membrane trafficking, mitosis, transformation, and cancer (reviewed in Sahai and 
Marshall 2002).

The complexity of Rho GTPase signaling is due largely to the extensive number 
of both upstream and downstream binding partners. Rho proteins are molecular 
switches that cycle between inactive GDP-bound and active GTP-bound states 
through the actions of upstream regulatory proteins. GTPase-activating proteins 
promote the hydrolysis of bound GTP to GDP, and guanine nucleotide exchange 
factors catalyze the release of bound GDP, facilitating binding of GTP (Bos et al. 
2007). Over 70 guanine nucleotide exchange factors have been identified for Rho 
GTPases (Meller et al. 2005; Rossman et al. 2005; Bos et al. 2007), thereby 
 providing a mechanism for coupling a broad spectrum of upstream pathways to 
Rho GTPase activation. When GTP-bound, Rho GTPases can bind any of over 30 
different effector proteins, including enzymes (e.g., kinases, oxidases, and lipases) 
as well as proteins that appear to serve predominantly scaffolding functions 
(Karnoub et al. 2004). However, the biological roles of many of these effectors are 
poorly understood, and a major emphasis in the field of Rho GTPase signaling has 
been the identification and functional characterization of upstream and downstream 
binding partners.

Adding to the complexity is the existence of 20 different Rho GTPases in 
humans (Boureux et al. 2007). Some binding partners are shared by multiple Rho 
GTPases, whereas others appear more GTPase-specific (Karnoub et al. 2004). 
Three of the best-studied Rho GTPases are Rho, Rac, and Cdc42. Rac and Cdc42 
are the most closely related and share a number of effector proteins (Karnoub et al. 
2004). The Rho family, by contrast, signals via a largely non-overlapping series of 
effectors (Karnoub et al. 2004).

The development of small-molecule inhibitors of components of Rho GTPase-
mediated signaling could facilitate the elucidation of the functional roles of the 
proteins within these networks and may substantially further our ability to define 
the nature of the complex signaling networks themselves. In the following section, 
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we will describe a forward chemical genetic screen to identify small molecules that 
may target proteins both upstream and downstream of Cdc42, a Rho GTPase 
 identified as a key signaling module in the regulation of actin filament assembly.

2  A Forward Chemical Genetic Screen Identifies Wiskostatin, 
a Small-Molecule Inhibitor of N-WASP

In order to identify small molecules that perturb Rho GTPase-dependent signaling, 
we conducted a high-throughput screen for compounds that inhibit Cdc42-
 dependent actin filament assembly in cytoplasmic extracts of Xenopus laevis eggs. 
These extracts are prepared by simple mechanical disruption of intact eggs by 
 gentle centrifugation rather than through detergent extraction, resulting in  essentially 
undiluted, detergent-free cytoplasm containing proteins at physiological 
 concentrations (Lebensohn et al. 2006). Consequently, these extracts are widely 
used as a model system to study diverse cellular signaling and regulatory networks 
(Chen and Murray 1997; de la Barre et al. 1999; Salic et al. 2000; Castro et al. 
2006; Chan and Forbes 2006; Deming and Kornbluth 2006; Lebensohn et al. 2006; 
Moon et al. 2006; Shennan 2006; Tutter and Walter 2006). High-speed centrifuga-
tion depletes the extract of endogenous lipid membranes, resulting in a quiescent 
extract termed HSS (high-speed supernatant) in which actin monomers do not 
spontaneously polymerize. Subsequent stimulation of the extract by the addition of 
lipid vesicles (liposomes) containing small amounts of phosphatidylinositol 4,5-
bisphosphate (PIP2) results in the polymerization of endogenous actin onto the 
surface of the liposomes (Ma et al. 1998a; Peterson et al. 2001). Although this 
activity may recapitulate the localized polymerization of actin at the plasma 
 membrane (Ma et al. 1998a), recent studies suggest that this pathway may also be 
used physiologically to mediate endocytosis and the intracellular motility of 
 endosomally derived vesicles (Taunton et al. 2000; Sokac et al. 2003). As described 
below, actin assembly by PIP2-stimulated HSS has proven a robust assay for 
 identifying components of the actin regulatory machinery that are critical for cell 
motility and morphology in many systems.

2.1 Actin Polymerization Induced by PIP2 and Cdc42

PIP2 promotes the nucleation of actin filaments in Xenopus egg extract via a 
Cdc42-dependent pathway (Ma et al. 1998a; Pelish et al. 2006; Peterson et al. 
2006). PIP2 has also been linked to activation of Cdc42 in mammalian cells 
(Martin-Belmonte et al. 2007). PIP2 activation of Cdc42 is accomplished in part 
by promoting the membrane recruitment of Cdc42 through a direct interaction 
with a poly-basic stretch of amino acids in the C-terminal region of Cdc42 (Heo 
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et al. 2006) or, alternatively, through indirect recruitment by the PIP2-binding 
protein annexin 2 (Martin-Belmonte et al. 2007). In addition, PIP2 may promote 
guanine nucleotide exchange on Cdc42 either directly (Zheng et al. 1996) or 
indirectly through the regulation of guanine nucleotide exchange factors 
(Baumeister et al. 2006). PIP2 can also contribute to actin assembly by binding 
and promoting the activation of a ubiquitously expressed Cdc42 effector called 
N-WASP (neural Wiskott-Aldrich syndrome protein) (Miki et al. 1996; Prehoda 
et al. 2000; Rohatgi et al. 2000, 2001; Papayannopoulos et al. 2005) or by pre-
venting capping  protein from capping actin filament barbed ends (Schafer et al. 
1996). It should be noted, however, that these latter two roles for PIP2 appear to 
be minor in Xenopus HSS compared to its role in activating Cdc42 (Rohatgi et al. 
2000; Ho et al. 2004).

Cdc42 has been shown in many systems to direct the recruitment and activation 
of proteins that mediate the nucleation and polymerization of actin filaments 
(Rohatgi et al. 1999; Taunton et al. 2000; Lechler et al. 2001; Sokac et al. 2003). 
Studies concurrent with our work used an activity-based biochemical purification 
to identify proteins in Xenopus egg extract required for mediating actin polymeriza-
tion downstream of Cdc42 (Ma et al. 1998b; Rohatgi et al. 1999; Ho et al. 2004). 
These studies identified three protein factors required for actin nucleation by 
Cdc42: the Cdc42-binding scaffolding protein N-WASP, a second Cdc42-binding 
protein known as Toca-1 (transducer of Cdc42-mediated actin assembly), and the 
ubiquitous actin filament nucleating protein complex, the Arp2/3 complex. Cdc42, 
together with Toca-1, binds N-WASP and promotes N-WASP activation (Rohatgi 
et al. 2000; Ho et al. 2006). Active N-WASP, in turn, binds and stimulates the actin 
filament nucleation activity of the Arp2/3 complex (Rohatgi et al. 1999). Both 
N-WASP and Arp2/3 complex are now appreciated as important for actin filament 
nucleation in many contexts (Millard et al. 2004; Vartiainen and Machesky 2004; 
Stradal and Scita 2006; Takenawa and Suetsugu 2007).

To identify proteins linking PIP2 signaling to actin filament assembly as well as 
to develop reagents for studying this signaling pathway in other systems, we 
screened unbiased libraries of chemical compounds for their ability to inhibit actin 
assembly in PIP2-stimulated HSS. These compounds included both structurally 
diverse, drug-like small molecules and a library of cyclic peptides. Over 26,000 
compounds were tested for their ability to inhibit actin assembly induced by 10 µM
liposomes containing PIP2 (PIP2: phosphatidylcholine:phosphatidylinositol, 
4:48:48 molar ratio) in HSS. Actin assembly was measured in HSS by supplement-
ing the HSS with trace amounts of rabbit muscle actin monomers covalently 
labeled with the flourophore pyrene. Incorporation of pyrene-actin into actin fila-
ments results in a dramatic increase in pyrene fluorescence that can be measured in 
the intact HSS (Kouyama and Mihashi 1981; Ma et al. 1998a; Peterson et al. 2001; 
Lebensohn et al. 2006). Compounds were tested in a high-throughput manner 
 utilizing 384-well plates. Active compounds identified by the screen were ranked 
based on their potency determined in dose-response experiments using the primary 
screening assay. Among the most potent compounds identified were a 14-amino-
acid cyclic peptide called 187-1 (Peterson et al. 2001), a tetracyclic indole called 
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pirl1 (Peterson et al. 2006), and an N-alkylated carbazole derivative that we subse-
quently termed wiskostatin (Peterson et al. 2004; and see below).

Wiskostatin is a 3,6-dibromocarbazole derivative, N-alkylated with a dimethyl-
aminopropan-2-ol group. In addition to wiskostatin, an otherwise similar 3,6-
dichlorocarbazole variant of wiskostatin was identified by the primary screen, 
although it was slightly less potent. Wiskostatin inhibited actin polymerization in 
PIP2-stimulated Xenopus egg extract with an EC

50
 of ~4 µM. Thus, the maximal 

rate of actin polymerization was slowed by 50% relative to solvent-alone controls 
in the presence of this dose of wiskostatin. Wiskostatin concentrations >10 µM
completely suppressed actin assembly stimulated by PIP2-containing liposomes.

2.2 The Target of Wiskostatin is N-WASP

A central challenge of forward chemical genetic screens is the identification of 
protein targets of small-molecule inhibitors (Stockwell 2000; Burdine and Kodadek 
2004; Tochtrop and King 2004). Although a number of conceptually distinct 
approaches have been used successfully for inhibitor target identification (Burdine 
and Kodadek 2004; Tochtrop and King 2004), no single method has proven 
 universally applicable. To identify the target of wiskostatin, we therefore began 
with a candidate-testing approach. As described above, several proteins that 
 mediate actin assembly downstream of Cdc42 have been discovered, and in vitro 
assays using purified preparations of these proteins have been developed that success-
fully measure their biochemical activities (Ma et al. 1998b; Rohatgi et al. 1999; Ho 
et al. 2004, 2006). We therefore used these assays to determine if wiskostatin inhib-
ited any of the known proteins that mediate actin assembly downstream of Cdc42.

Initial experiments tested whether wiskostatin might inhibit PIP2-stimulated 
actin assembly by binding actin monomers directly and preventing their incorpora-
tion into growing filaments. The polymerization kinetics of purified native rabbit 
muscle actin was monitored by the fluorescence increase of added pyrene-labeled 
actin monomers. Whereas wiskostatin inhibited actin assembly in PIP2-stimulated 
extract with an EC

50
 of 4 µM, up to 20 µM wiskostatin did not affect the polymeri-

zation of purified actin. Higher wiskostatin doses, however, modestly inhibited the 
polymerization of purified actin directly. The apparent inability of wiskostatin to 
inhibit actin polymerization directly suggests that wiskostatin must target a signal-
ing component upstream of actin itself.

We next tested if wiskostatin inhibited the actin filament nucleating activity of 
the Arp2/3 complex, an essential mediator of Cdc42-dependent actin assembly in 
HSS (Ma et al. 1998b). Purified bovine Arp2/3 complex is inactive, but can be 
activated experimentally by the addition of a recombinant polypeptide derived 
from the C-terminus of N-WASP termed the VCA segment (named for  verprolin-
homologous, cofilin-homologous, and acidic amino acid sequences) (Rohatgi et al. 
1999). In the presence of VCA, the actin-nucleating activity of Arp2/3 complex is 
potently activated and can be monitored using the pyrene-actin fluorescence assay. 
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VCA-activated Arp2/3 complex was not inhibited by 10 µM wiskostatin, indicating 
that the inhibitor must target some other component besides the Arp2/3 complex or 
the VCA segment of N-WASP.

Arp2/3 complex is activated in PIP2-stimulated HSS by its binding to the VCA 
region of endogenous N-WASP. Whereas the VCA segment is a potent activator of 
Arp2/3 complex, the activity of full-length N-WASP is sharply reduced due to 
autoinhibitory interactions between the VCA segment and an N-terminal domain 
called the GTPase-binding domain (GBD) (Kim et al. 2000; Prehoda et al. 2000; 
Rohatgi et al. 2000). Autoinhibition is relieved by the binding of active Cdc42 to 
the GBD, which releases the VCA segment, allowing VCA to activate Arp2/3 
complex (Fig. 1a) (Prehoda et al. 2000; Rohatgi et al. 2000). We therefore tested 
whether wiskostatin inhibited N-WASP activation using purified pyrene-actin 
assays in the presence of purified Arp2/3 complex and recombinant N-WASP. Both 
the modest basal activity of autoinhibited N-WASP and the robust activity of 
N-WASP in the presence of PIP2 and Cdc42 were inhibited by wiskostatin. Thus, 
although wiskostatin did not inhibit Arp2/3 complex activation by the isolated 
VCA segment of N-WASP, it did inhibit Arp2/3 complex activation by full-length 
N-WASP. Importantly, wiskostatin inhibited N-WASP activity at doses consistent 
with its potency in HSS. Furthermore, several analogues of wiskostatin that were 
inactive at inhibiting PIP2-induced actin assembly in HSS also did not inhibit 
N-WASP activity in vitro, indicating that inhibition of N-WASP can explain wisko-
statin inhibition of actin assembly in PIP2-stimulated HSS. The name “wiskostatin” 
was chosen for this compound based on its ability to inhibit a  member of the 
Wiskott-Aldrich syndrome protein family.

2.3 Mechanism of N-WASP Inhibition by Wiskostatin

Since wiskostatin inhibits the activity of full-length N-WASP, but not that of the 
isolated VCA domain, this suggested that wiskostatin might perturb the conforma-
tional changes in N-WASP that accompany activation. How it might do so was of 
particular interest because N-WASP is a scaffolding protein not previously known 
to bind a small molecule. Available three-dimensional structural data for N-WASP 
that could facilitate prediction of binding sites for wiskostatin are limited to crystal 
structures of the N-terminal EVH1 domain of N-WASP (Volkman et al. 2002; 
Peterson et al. 2007). This domain does not, however, appear to play a role in either 
Cdc42 binding or Arp2/3 complex activation (Prehoda et al. 2000; Rohatgi et al. 
2000). N-WASP is highly conserved in sequence and regulation with its hematopo-
etic-cell-specific paralogue, WASP, for which additional structures are available. 
For example, an NMR structure has been reported of a truncated WASP fragment 
comprising the GBD linked to a C-terminal element involved in Arp2/3 complex 
activation (Kim et al. 2000). This structure and accompanying biochemical experi-
ments revealed the core interactions responsible for maintaining the autoinhibited 
conformation of WASP (and presumably N-WASP). Given the availability of 
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chemical shift assignments for the autoinhibited core of WASP and the 68% 
sequence identity with the corresponding domains of N-WASP, we chose to test 
whether binding of wiskostatin to WASP could be detected by NMR. Michael 
Rosen’s group (UT Southwestern) conducted NMR titration experiments with 
wiskostatin and the autoinhibited core domains of WASP. Titrations of this WASP 
construct with wiskostatin resulted in dose-dependent and saturable amide proton 
chemical shift changes for a limited number of residues in the GBD of WASP. 
These initial experiments demonstrated the existence of a discrete wiskostatin-
binding site in WASP.

Rosen’s group then determined the structure of wiskostatin bound to the autoin-
hibited core of WASP by NMR (Fig. 1b). Remarkably, the structure of this region 
of WASP was largely unchanged by wiskostatin binding. The average  backbone 
root mean square deviation between the liganded and free forms of WASP was 
1.51 Å within the structured domains. The compound occupied a  shallow pocket 
within the hydrophobic core of the WASP GBD that was well defined by 30 inter-
molecular nuclear Overhauser effects between the wiskostatin carbazole ring and 
the GBD. Importantly, 14 of the 15 amino acid residues most proximal to wisko-
statin in WASP are conserved in N-WASP, suggesting that these paralogues likely 
both interact with the compound similarly.

Previous studies have demonstrated that the GBD of WASP is conformationally 
plastic, alternately adopting one conformation in autoinhibited WASP and another, 
mutually exclusive conformation when bound to Cdc42 (Abdul-Manan et al. 1999; 
Kim et al. 2000). This conformational change underlies the transition between 
autoinhibited WASP and active WASP in which Cdc42 binding to the GBD releases 
the VCA element, allowing Arp2/3 complex activation (Fig. 1a). A recombinant 
polypeptide comprising the isolated GBD is unstructured in aqueous buffer, 
indicating that folding of this segment is driven by these intra- or  intermolecular 
interactions, respectively (Kim et al. 2000). The lack of significant changes in the 
conformation of the GBD of autoinhibited WASP on wiskostatin binding suggested 
that, instead of perturbing the conformation of WASP, the  compound might act by 
stabilizing this inherently inactive conformation.

To test whether wiskostatin could stabilize the autoinhibited conformation of the 
GBD, the otherwise unstructured, isolated GBD polypeptide was titrated with 
wiskostatin and conformational changes in the GBD were monitored by NMR. 
Wiskostatin, but not an inactive derivative, induced folding of the GBD as 
 evidenced by greater chemical shift dispersion in 1H-15N- and 1H-13C HSQC 
 experiments. At saturating doses of wiskostatin, the resulting spectrum evidenced 
many characteristics of the spectrum of GBD when present in the autoinhibited 
conformation, strongly suggesting that wiskostatin alone could drive folding of the 
GBD into the autoinhibited conformation. This observation suggests that  wiskostatin 
inhibits activation of N-WASP by binding to its autoinhibited conformation and 
antagonizing the conformational change mediated by Cdc42 that is required for 
N-WASP activation of Arp2/3 complex.

Activation of N-WASP by Cdc42 can be seen as the modulation of a conforma-
tional equilibrium in the GBD from a predominantly “closed,” inactive form to an 
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active conformation. Our results suggest that wiskostatin and Cdc42 can influence 
this structural change by binding to the opposing GBD conformational states and 
titrating the equilibrium toward each state (Fig. 1). Consistent with such an 
underlying equilibrium, we found that inhibition by wiskostatin can be overcome 
by increasing the concentration of activators Cdc42 and PIP2 in in vitro  pyrene-actin 
assays. Thus, wiskostatin exploits an inherent regulatory equilibrium in 
N-WASP by binding and stabilizing a native, autoinhibited conformation. Because 
the structure of the GBD when bound to VCA is incompatible with the GBD-Cdc42 
binding (Kim et al. 2000), we infer that wiskostatin prevents the interaction of 
Cdc42 with N-WASP. Wiskostatin therefore mediates its inhibitory activity, in 
part, by preventing Cdc42-N-WASP binding.

2.4  Autoinhibition of Rho GTPase Effectors as a Target
for Small-Molecule Inhibitors

The regulation of N-WASP activity involves the binding of an activator (Cdc42) to 
the autoinhibitory element (GBD), which displaces this element from the functional 
domain (VCA). Strikingly, a similar paradigm can be found in the regulation of 
many other proteins including other Rho family GTPase effectors, such as mem-
bers of the group I p21-activated kinases (Paks) and the diaphanous-related formins 
(DRF). The shared regulatory strategy of autoinhibition observed in each of these 

Fig. 1 The small-molecule N-WASP inhibitor wiskostatin antagonizes activation of N-WASP by 
Cdc42. (a) Intramolecular interactions between the GTPase-binding domain (GBD) and the ver-
prolin homologous, cofilin homologous, acidic amino acid sequences (VCA) domain maintains 
N-WASP in an autoinhibited conformation (left). Binding of activated Cdc42 causes a restructuring 
of the GBD that relieves these interactions, leading to N-WASP activation (right). The small-
molecule inhibitor wiskostatin binds the GBD and pulls the conformational equilibrium of 
N-WASP toward the autoinhibited state. (b) Structure of wiskostatin bound to the autoinhibited 
conformation of WASP (left side of a). A representative conformer from the NMR structure of the 
relevant domains of WASP bound to wiskostatin. Wiskostatin and side chains exhibiting nuclear 
Overhauser effects to wiskostatin are shown in ball-and-stick representation. Corresponding 
sequence elements are colored as in (a). Panel (b) is reproduced from Peterson et al. 2004
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proteins along with our understanding of N-WASP inhibition by wiskostatin 
 suggests that the conformational changes of group I Paks and DRFs could be 
 targets for small-molecule inhibition. Indeed, we have proposed that, in general, 
proteins that adopt autoinhibited conformations could be susceptible to small 
 molecules that stabilize the inhibited conformation (Peterson and Golemis 2004). 
Importantly, as illustrated by N-WASP, proteins targeted by this strategy need not 
be enzymes or possess already known small-molecule binding sites.

Small-molecule inhibitors that target Paks and DRFs could be used to dissect the 
specific role of these effectors downstream of Rho GTPases. In addition, chemical 
inhibition of Pak1 may serve as the basis for the development of novel therapeutics, 
as there is increasing evidence for the involvement of this protein in human disease 
(discussed below). In the following sections, we will discuss in detail the regulation 
of Pak1 and the DRF mDia1 as examples of other Rho GTPase effectors that adopt 
autoinhibited conformations and propose screening strategies that could lead to the 
identification of allosteric inhibitors of these effectors.

3  p21-Activated Kinases as Targets 
for Allosteric Inhibition

3.1 The Pak Family of Rho GTPase Effectors

The human Paks are a family of six serine/threonine-directed protein kinases 
 identified as effectors of the small GTPases Rac (p21) and Cdc42 (Manser et al. 
1994). Pak kinases are divided into two subgroups based on sequence similarity. 
Group I Paks (Paks 1, 2, and 3) contain an N-terminal autoregulatory domain that 
is involved in the formation of autoinhibited heterodimers (see below). In contrast, 
the group II Paks (Paks 4, 5, and 6) do not contain the autoregulatory sequences 
observed in group I Paks required for autoinhibition, and as such are constitutively 
active (for a review of group II Paks, see Jaffer and Chernoff 2002). The group I 
Paks contain a GTPase-binding domain (GBD) that is homologous in both sequence 
and three-dimensional structure to the GBD of WASP (Kim et al. 2000; Lei et al. 
2000). Binding of activated GTPases to group I Paks stimulates Pak autophosphor-
ylation as well as phosphorylation of downstream substrates. Group II Paks also 
bind Rac and Cdc42, but this interaction does not appear to regulate their catalytic 
activity (Jaffer and Chernoff 2002; Cotteret et al. 2003). Instead, evidence suggests 
that GTPase binding mediates recruitment of group II Paks to specific subcellular 
locations (Wu and Frost 2006). The best-characterized member of the Pak family 
is Pak1, which has been shown to regulate actin dynamics downstream of Rac and 
Cdc42, thereby affecting cell morphology, polarity, and cell migration. In addition, 
Pak1 activity has been linked to the signaling pathways that control cell growth, 
survival, and cell cycle progression. For an excellent review of group I Pak biology 
and function, see (Bokoch 2003).
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3.2 Autoinhibition of Pak1

Like N-WASP, Pak1 catalytic activity is regulated by an autoinhibitory domain 
whose binding to the catalytic domain is released on binding-activated Rho 
GTPases (Lei et al. 2000). Unlike in N-WASP, however, the interactions between 
the Pak1 autoinhibitory domain and the catalytic domain occur between two Pak1 
monomers in trans, resulting in the formation of an autoinhibited “head-to-tail” 
Pak1 dimer (Fig. 2 and Parrini et al. 2002). The autoregulatory region of Pak1 is 
made up of distinct sequence elements: the GBD element overlaps partially in 
sequence with an element termed the inhibitory switch (IS) domain, which anchors 
the autoregulatory domain of one Pak1 monomer to the kinase domain of the 
 partner Pak1 monomer. C-terminal to this element is the kinase-inhibitory (KI) 
segment, which occupies the partner’s active site, obstructing ATP and substrate 
binding, and disrupting the active site architecture (Zhao et al. 1998; Tu and Wigler 
1999; Lei et al. 2000).

Similar to N-WASP regulation, release of Pak1 from its autoinhibited confor-
mation is initiated by the binding of activated Rac or Cdc42 to the GBD. Binding 
of GTPase leads to an unfolding of the IS (Lei et al. 2000). This conformational 
change displaces the KI region from the Pak1 catalytic cleft, exposing the activation 
loop and allowing for phosphorylation of threonine 423, which is required to 
achieve full kinase activity (Manser et al. 1997; Fig. 2b). Additional 
 phosphorylations occur at several sites in the Pak1 monomer to further facilitate 
kinase activation (Buchwald et al. 2001; Chong et al. 2001). Once phosphor-
ylated, Pak1 monomers cannot reform the autoinhibited dimer until acted upon 
by protein phosphatases, such as POPX (Koh et al. 2002; Zhan et al. 2003).

The similarities between Pak1 and N-WASP regulation are also reflected in 
structural homology in their autoregulatory domains. Comparison of the structure 

Fig. 2 Autoinhibition of Pak1. (a) The Pak1 autoregulatory region (AR) consists of a number of 
sequence elements. The GTPase-binding domain (GBD) overlaps with the sequence of the 
inhibitory switch domain (IS), which anchors the autoregulatory domain to the kinase domain. 
The binding of the AR of one Pak1 monomer to the kinase domain of another Pak1 monomer 
leads to the formation of the autoinhibited Pak1 dimer (left side of b). The kinase inhibitory (KI)
segment intercalates within and disrupts the architecture of the partner’s catalytic site. (Adapted 
from Lei et al. 2000). (b) Binding of activated Rac or Cdc42 to the GBD relieves the autoinhibitory 
interaction between the AR and the kinase domain, facilitating dissociation of Pak1 monomers. 
Autophosphorylation of GTPase-bound Pak1 completes the activation process and prevents refor-
mation of the autoinhibited dimer
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of the IS domain within the autoinhibited Pak1 dimer revealed a remarkable 
 similarity to the WASP autoregulatory domain (Kim et al. 2000; Lei et al. 2000). In 
both the Pak1 and WASP structures, this autoregulatory element binds a  structurally 
analogous alpha helix in either the kinase domain or VCA segment, respectively. 
Thus, a structurally conserved regulatory module is utilized by both proteins to 
regulate distinct signaling activities. Given the structural and  mechanistic similari-
ties between these two proteins, it is possible that, like N-WASP, Pak1 could be 
susceptible to inhibition by a small molecule that stabilizes its autoinhibited 
conformation.

3.3 Relevance of an Allosteric Pak1 Inhibitor

Current methods used to eliminate Pak1 function include classical genetic knockout 
(Hofmann et al. 2004) as well as transfection of interfering reagents, such as siRNAs 
(Tang et al. 2005), constructs encoding the IS and KI sequence elements (Beeser and 
Chernoff 2005), or catalytically inactive, full-length versions of the kinase (Adam 
et al. 2000). These approaches, while useful in abrogating Pak1 activity, are limited 
in their degree of control of Pak1 activity, as well as by a lack of control over the time 
required to achieve Pak1 inhibition. In addition, overexpression of kinase-dead or 
truncated Pak1 constructs may titrate away relevant Pak1 binding partners, such as 
the guanine nucleotide exchange factor Pak interacting exchange factor (Pix) or Nck 
(Bokoch et al. 1996; Galisteo et al. 1996; Bagrodia et al. 1998; Manser et al. 1998), 
leading to complications in the interpretation of observed phenotypes. Small-
 molecule inhibitors can address some of the limitations associated with these 
 currently used methods of inhibiting Pak1 activity. Indeed, kinase inhibitors in 
 general have had a tremendous impact on our understanding of the functions of spe-
cific kinases (Knight and Shokat 2005). The advantages of using chemical inhibitors 
make small-molecule inhibitors of Pak1 a potentially important and complementary 
tool in the study of Pak1 function in cells.

The vast majority of existing kinase inhibitors binds to the kinase active site in 
a manner competitive with ATP. Since the ATP-binding pocket of kinases is highly 
conserved in sequence and structure, most inhibitors target multiple related kinases 
in addition to their intended target (Davies et al. 2000; Fabian et al. 2005). Indeed, 
a chemical inhibitor of Pak1 that is based on the ATP-competitive inhibitor CEP-
1347 (Nheu et al. 2002) is also a potent inhibitor of mixed-lineage kinases 1–3 
(Maroney et al. 2001; Nheu et al. 2002). In contrast, an allosteric inhibitor that 
 stabilizes the autoinhibited Pak conformation might exhibit significantly greater 
kinase specificity due to the fact that the autoregulatory domain of group I Paks is 
not conserved in other protein kinases. Thus, allosteric inhibitors that target this 
domain to stabilize the inactive Pak1 dimer would not be expected to inhibit other 
kinases. Furthermore, since autoinhibition is not conserved in group II Pak family 
members, one would expect such inhibitors to target only the group I Paks, despite 
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significant sequence conservation in the catalytic domains of these two groups. 
As such, allosteric inhibitors of Pak1 could serve as highly specific tools to elucidate
group I Pak functions.

Small-molecule Pak1 inhibitors may also have clinical relevance. Pak1 
expression and activity have been linked to tumor development in a number of 
different cancers including colorectal, ovarian, and breast (Kumar and 
Vadlamudi 2002; Schraml et al. 2003; Carter et al. 2004), making identification 
of clinically relevant Pak1 inhibitors of great interest (Kumar et al. 2006). Paks 
involvement in tumorigenesis is likely due in part to its ability to promote 
 activation of the mitogen- activated protein kinase (MAPK) pathway. Group I 
Paks directly phosphorylate two kinases in this pathway, c-Raf and MEK1, and 
Pak1 phosphorylation of these kinases is thought to be required for their full 
activation by the Ras oncogene (Frost et al. 1997; King et al. 1998; Chaudhary 
et al. 2000; Eblen et al. 2002; Zang et al. 2002; Slack-Davis et al. 2003; Tran 
and Frost 2003). Indeed, expression of  dominant negative Pak1 constructs 
inhibits Ras-mediated transformation in Rat1 fibroblasts, rat Schwann cells, 
and in a neurofibrosarcoma cell line (Tang et al. 1997, 1998). Conversely, 
expression of an activated form of Pak1 stimulates the MAPK pathway in HEK 
293 cells (Lu et al. 1997) and is tumorigenic in the  mammary glands of 
 transgenic mice (Wang et al. 2006), again underscoring the importance of this 
kinase in cell proliferation signaling.

A role for Pak1 in tumorigenesis is also supported by the interaction of Pak with 
a number of proteins involved in cell cycle progression. Pak1 phosphorylates the 
DNA scaffolding protein histone H3 on serine 10 both in vitro and in human breast 
cancer cells, and phosphorylation at this site has been linked to mitotic  chromosome 
assembly, segregation, and movement to the metaphase plate (Cheung et al. 2000; 
Li et al. 2002). Additionally, Pak1 is localized to centrosomes (Banerjee et al. 
2002) and was recently shown to phosphorylate and activate the mitotic kinase 
Aurora A. Inhibition of Pak1 in this study led to a delay in both recruitment of 
Aurora-A to centrosomes as well as centrosome duplication (Zhao et al. 2005). 
Finally, Pak1 is known to induce the expression of cyclin D1 (Balasenthil et al. 
2004), a key regulator of G1 cell cycle progression.

Elevated Pak activity has been observed in a number of highly invasive cancer 
cells, suggesting that Pak1 may also play a role in the cell motility underlying 
metastasis. Expression of constitutively active Pak1 increases the motility of breast 
cancer-derived MCF7 cells (Vadlamudi et al. 2000). Conversely, expression of a 
kinase-dead Pak1 mutant resulted in a three-fold decrease in migration of MDA-
MB-435 melanoma cells (Adam et al. 2000). The role of Pak1 in mediating cell 
migration may involve Pak1 phosphorylation of the cytoskeletal signaling protein 
LIM kinase (LIMK), which increases LIMK activity ten-fold (Edwards et al. 1999). 
Activated LIMK phosphorylates and deactivates the F-actin severing protein 
 cofilin, leading to changes in actin cytoskeletal dynamics (Arber et al. 1998; Yang 
et al. 1998). Indeed, LIMK activity has been shown to be required for migration in 
breast cancer-derived cells (Yoshioka et al. 2003), highlighting the role of this Pak1 
substrate in tumor cell motility.



Chemical Inhibition Through Conformational Stabilization of Rho GTPase Effectors 445

3.4  Endogenous Protein Inhibitors of Pak1 Bind 
the Autoregulatory Domain

In addition to the intramolecular interactions that regulate Pak1 activity, there are 
a number of other proteins that interact with and modulate Pak1 activity. 
Interestingly, many of these proteins bind within the Pak1 autoregulatory region. 
For example, human Pak1-interacting protein (hPIP1) is a WD repeat containing 
protein that was shown to inhibit Pak1 kinase activity as well as the signaling of 
Pak1 effectors JNK and NFκB in human cells. hPIP1 binds within the autoregula-
tory region of Pak1, suggesting that it could inhibit Pak1 activity by stabilizing the 
autoinhibited conformation (Xia et al. 2001).

The product of the tumor suppressor gene NF2, termed merlin, is another 
 cellular protein with the ability to inhibit Pak1 activity. While the full spectrum of 
merlin functions are still under investigation, it has been demonstrated that 
 overexpression of merlin inhibited Pak1 activation as well as Pak1 interaction with 
the focal adhesion protein paxillin (Kissil et al. 2003; Xiao et al. 2005). Conversely, 
loss of merlin expression resulted in an increase in Pak1 activation (Kissil et al. 
2003). Merlin binds Pak1 within the autoregulatory region and inhibits the 
 interaction between Pak1 and Rac (Kissil et al. 2003), indicating that this protein 
functions by disrupting a protein interaction required for Pak1 activation. In 
 addition to acting as an inhibitor of Pak activity, merlin is also a Pak substrate, as 
it was shown that Pak phosphorylates merlin on serine 518 (Kissil et al. 2002; Xiao 
et al. 2002). Phosphorylation on this residue alters merlin localization and anti-
 proliferation activity (Shaw et al. 2001; Kissil et al. 2002; Xiao et al. 2002),  suggesting
a feedback signaling relationship between these two proteins.

The recently identified protein Cysteine Rich-Inhibitor of Pak1 (CRIPak) was 
shown to inhibit Pak1 activity both in vitro and in cells, and blocked the activation 
of the Pak1 effector LIM kinase (Talukder et al. 2006). CRIPak also binds within 
the autoregulatory region of Pak1, and therefore could also act to by stabilizing 
autoinhibited Pak1 dimers. However, this region of interaction overlaps with the 
Pix-binding region of Pak1, raising the possibility that CRIPak could antagonize 
Pak1 activity by inhibiting the binding of Pix (Talukder et al. 2006).

Interestingly, CIB1, an EF-hand domain-containing protein, also binds to the 
Pak1 autoregulatory domain of Pak1; however, this binding results in activation of 
Pak1 catalytic activity (Leisner et al. 2005). Thus, activation and inhibition of Pak1 
activity through the binding of proteins to the Pak1 autoregulatory domain are a 
biologically relevant regulatory mechanism.

The studies discussed above suggest that some endogenous Pak1 protein  inhibitors 
may act by stabilizing the autoinhibited conformation of Pak1. Thus, the binding of 
proteins other than Rac or Cdc42 to the autoregulatory domain may be a physiological 
mechanism for negatively regulating Pak1 kinase activity. It may therefore be possible 
for a small molecule to exploit this inherent regulatory  mechanism in a similar way. In 
the following section, we will discuss screening strategies that could be employed to 
specifically identify such an inhibitor for members of the group I Pak family.
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3.5  Screening Approaches to Identify Allosteric Group 
I Pak Inhibitors

Many high-throughput assays have been developed for the identification of kinase 
inhibitors. The majority of these assays simply report on the phosphorylation of 
model substrates and therefore do not discriminate between compounds acting via 
a particular mechanism. The identification of compounds that target group I Paks 
via the allosteric mechanism of stabilization of the native autoinhibited  conformation 
requires special considerations in assay design. For example, kinase inhibitor 
screens frequently utilize constitutively active, truncated fragments comprising the 
isolated kinase domain. These constructs may lack important domains that regulate 
catalytic activity that could be targeted by an allosteric inhibitor. Therefore,  full-
length Pak1 should be used to enable the detection of allosteric inhibitors. In 
 addition, kinase activity screens are frequently performed in the presence of low 
(µM) ATP concentrations, thus rendering these assays highly sensitive to ATP-
competitive inhibitors. One simple change that could bias such a screen towards 
non-ATP competitive inhibitors would be to monitor Pak1 kinase activity at high 
(mM) ATP concentrations. Subsequent mechanistic or enzymological follow-up 
studies could then be conducted to determine if inhibitory compounds are indeed 
non-competitive with ATP.

Another approach to address a Pak1 inhibitor’s mechanism of action takes 
advantage of the ability to control the activation state of Pak1 in vitro. The 
 interaction between purified autoregulatory and kinase domains of Pak1 is 
 abolished when these fragments are autophosphorylated by Pak1 (Zenke et al. 
1999; Buchwald et al. 2001), suggesting that once activated (and autophosphor-
ylated), full length Pak1 does not reform the autoinhibited conformation until acted 
upon by protein phosphatases. Therefore, in an in vitro assay with no phosphatases 
present, it is possible to drive the regulatory equilibrium of Pak1 irreversibly 
towards the activated state by pre-incubating the kinase with activated Rac or 
Cdc42 and ATP. A small molecule that inhibits Pak1 activity by stabilizing the 
autoinhibited Pak1 complex should be ineffective at inhibiting this pre-active Pak1. 
This suggests that a simple “order of addition” experiment could be used to 
 discriminate between inhibitors targeting the active site and those that target the 
Pak1 activation mechanism. In this approach, two separate kinase assays would be 
conducted in parallel in which the kinase reaction components are the same, but the 
order of their addition to the reaction is different. In the first assay, potential inhibi-
tors would be added to autoinhibited Pak1 dimers prior to the addition of activator 
(activated Rac or Cdc42) and ATP. In the second assay, small molecules would be 
added to Pak1 after activation of the kinase via incubation with activator and ATP. 
Compounds that inhibit substrate phosphorylation by Pak1 in both assays likely do 
not depend on the formation of inactive Pak1 dimers. However, inhibition of Pak1 
catalytic activity by a compound only when added prior to Pak1 activation would 
be consistent with a compound antagonizing the activation process. In this manner 
it may be possible to initially identify allosteric Pak1 inhibitors.
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Alternatively, an assay that directly monitors the interaction between Pak1 dimers 
could be performed so as to select for compounds that stabilize the Pak1 autoinhibited 
conformation. One such assay could involve a fluorescence resonance energy transfer 
(FRET)-based approach utilizing recombinant Pak1 fragments comprising the 
 catalytic domain and the autoregulatory domain individually tagged with either 
FRET donor or acceptor molecules. In the autoinhibited state, these tagged Pak1 
 fragments would dimerize and undergo FRET. Upon addition of Cdc42, FRET would 
be abolished due to the dissociation of the autoregulatory domain from the kinase 
domain. In this assay, individual compounds would be added to inactive Pak1 dimers 
and the maintenance of FRET monitored upon addition of Cdc42. Those reactions 
that maintain FRET in the presence of Cdc42 could act by stabilizing Pak1 dimers. 
Subsequent assays could then be performed to confirm that compounds identified by 
this approach do indeed inhibit Pak1 catalytic activity.

4 DRFs as Targets for Allosteric Inhibition

4.1 Formins Are a Family of Actin-Nucleating Proteins

The nucleation of actin filaments is an important rate-limiting step in de novo actin 
filament polymerization. Currently there are three known classes of proteins with the 
ability to nucleate actin filaments: the Arp2/3 complex, Spire, and the formin family 
of proteins (Machesky et al. 1994; Quinlan et al. 2005). The best-characterized actin 
nucleator is the Arp2/3 complex, which binds to the side of existing actin filaments 
to nucleate new filaments that grow at the barbed end, resulting in the formation of a 
branched actin network. Much less is known about Spire, which nucleates linear actin 
filaments and binds to the pointed end of the new filament (Quinlan et al. 2005). The 
formins comprise seven mammalian subfamilies of proteins characterized by 
 conserved Formin Homology 1 (FH1) and FH2 domains, which convey the ability to 
nucleate actin filaments (Higgs 2005; Higgs and Peterson 2005). Unlike the Arp2/3 
complex and Spire, formins nucleate actin filaments from the barbed end and remain 
bound to the elongating barbed end (Pruyne et al. 2002). The actin-nucleating activity 
of the formins is linked to such cellular processes as cytokinesis, cell migration, 
endocytosis, and the establishment of cell polarity (for a review of formin structure 
and function, see Faix and Grosse 2006).

4.2  Diaphanous-Related Formins Are Rho GTPase 
Effectors That Undergo Autoinhibition

The best-studied subfamily within the formin family of actin nucleators is the 
diaphanous-related formins (DRFs). In addition to the conserved FH1 and FH2 
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domains, DRFs contain a GTPase-binding domain (GBD) responsible for the 
 interaction of these proteins with members of the Rho GTPases (Watanabe et al. 
1997). Binding of Rho GTPases to the GBD is thought to activate DRFs through 
relief of autoinhibitory interactions involving additional domains (see below). The 
majority of our understanding of DRF autoregulation comes from studies of the 
mammalian homologue of diaphanous (mDia) DRF subgroup, of which there are 
three isoforms (mDia 1–3). mDia isoforms display overlapping functions in a 
number of cases (Tominaga et al. 2000; Copeland and Treisman 2002; Peng et al. 
2003), and the domains responsible for mDia autoregulation are highly conserved 
among mDia1, mDia2, and mDia3 (Watanabe et al. 1997; Petersen et al. 1998; 
Alberts 2001). Therefore, for the purpose of clarity the following sections will 
focus on the best-characterized member of this group, mDia1.

4.3 Autoinhibition of mDia1

A number of studies have begun to unravel the mechanism of mDia1  autoinhibition. 
Early cellular studies utilizing truncated mDia1 constructs demonstrated the 
involvement of both N-terminal and C-terminal domains in the regulation of  mDia-
mediated actin filament assembly (Watanabe et al. 1997; Tominaga et al. 2000; 
Alberts 2001). Subsequently, these regulatory activities were discovered to be the 
result of an interaction between a domain in the amino terminus of mDia1 termed 
the diaphanous inhibitor domain (DID) and a domain adjacent to the C-terminal 
FH2 domain termed the diaphanous autoregulatory domain (DAD) (Fig. 3). 
Biophysical studies demonstrated binding of the DID to the DAD with sub-
 micromolar affinity (Lammers et al. 2005; Li and Higgs 2005), and introduction of 
a recombinant  peptide comprising the DID is sufficient to inhibit FH2-DAD-induced 

Fig. 3 Schematic representation of autoinhibition of mDia1 (mDia1 is shown as a monomer for 
clarity). Interaction of the diaphanous inhibitor domain (DID) with the diaphanous autoregulatory 
domain (DAD) maintains mDia1 in a conformation that renders the protein unable to nucleate 
actin filaments via the FH2 domain (a). Binding of activated Rho to the GTPase binding 
domain (GBD), which partially overlaps with DID, displaces the DAD, leading to the relief of 
autoinhibition (b)
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actin  polymerization (Li and Higgs 2005). Structural studies have revealed extensive 
hydrophobic contacts between a helix within the core DAD and a number of the arma-
dillo-repeats contained within the DID (Lammers et al. 2005). Although the 
autoinhibitory domains of mDia1 are distinct in both amino acid sequence and 
 three-dimensional structure from those found in N-WASP and Pak1, the general 
strategy of autoinhibition involving an interaction between autoregulatory domains 
and domains within the catalytic portion of the protein is shared among all three 
proteins (compare Figs. 1a, 2b, and 3).

Also akin to N-WASP and Pak1, DRFs contain an amino-terminal region that 
mediates the interaction between these proteins and Rho GTPases. The GTPase-bind-
ing sites of DRFs are less well defined, in general, than for N-WASP and Pak1 
(Rivero et al. 2005). However, conserved CRIB-type GTPase binding domains are 
observed in mDia family members (Peng et al. 2003). mDia1 has been shown to 
interact with Rho A, B, and C, but not Rac or Cdc42 (Watanabe et al. 1997, 1999). 
Additionally, other mDia isoforms have been shown to interact with other Rho 
GTPases (Alberts et al. 1998; Gasman et al. 2003; Peng et al. 2003; Yasuda et al. 
2004). The mDia1 GBD partially overlaps with the autoregulatory region of the 
 protein (Fig. 3), and a number of studies demonstrate that binding of activated Rho to 
mDia1 fragments containing the GBD antagonizes the DID/DAD interaction by 
actively displacing the DAD from the DID (Watanabe et al. 1997; Lammers et al. 
2005; Li and Higgs 2005; Rose et al. 2005). The functional relevance of this disrup-
tion is highlighted by data demonstrating that Rho partially relieves the inhibitory 
effects of the DID on mDia-mediated actin polymerization (Li and Higgs 2003).

Although much has been learned concerning the autoregulatory cycle of mDia1, 
the molecular details of Rho-mediated relief of autoinhibition are not entirely clear. 
For example, binding of activated Rho or the DAD to DID-containing fragments is 
mutually exclusive, yet they do not bind to completely overlapping DID sequences 
(Lammers et al. 2005; Rose et al. 2005). Unlike what is observed in N-WASP and 
Pak1, release of mDia1 from the autoinhibited state does not appear to involve 
conformational changes within the autoregulatory domain, as the structure of DID 
fragments are not significantly different when examined alone (Otomo et al. 2005), 
in a complex with active Rho (Rose et al. 2005), or when bound to the DAD 
(Lammers et al. 2005). Currently there is no crystal structure available for the DAD 
alone, precluding any comparisons between the conformation of the DAD in the 
unbound state and the conformation of the DAD complexed with the DID. 
Comparison of the structures of DID-containing fragments complexed with either 
the DAD or RhoC led Lammers et al. to suggest a theoretical ternary Rho/DID/
DAD complex in which residues within the DAD (1179–1187) and RhoC (64–67) 
sterically and electrostatically repel each other, mediating the release of the DAD 
from the DID (Lammers et al. 2005). However, further study is required to 
 demonstrate the true role of these residues in the proposed interactions.

Despite using structurally distinct domains, the regulatory mechanism of mDia1 
is remarkably similar to that observed for N-WASP and Pak1. It is therefore 
 conceivable that, much like N-WASP, mDia1 may be susceptible to inhibition by 
allosteric inhibition. In the following sections, we will discuss the relevance of such 
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an inhibitor and propose screening strategies that could be used to identify small-
molecule mDia1 inhibitors that target this protein by an allosteric mechanism.

4.4 Relevance of an Allosteric mDia1 Inhibitor

A major challenge in the actin field is the difficulty of determining the contribution 
of different classes of actin filament nucleators to the generation of new actin 
 filaments because of the presence of other abundant actin filament nucleating 
 activities. A small-molecule inhibitor that is specific for the formin family would 
therefore be useful in discriminating the relative contribution of the formins in the 
context of the three classes of actin nucleators (Arp2/3 complex, Spire, and  formins). 
However, sequence differences within the formin family suggest that a greater 
degree of inhibitor specificity may be possible. In contrast to the catalytic FH2 
domain found in all members of the formin family, clear DID and DAD-like 
sequences are found only in three formin subfamilies: mammalian diaphanous 
(mDia) subfamily, formin-related gene in leukocytes (FRL) subfamily, and 
disheveled-associated activator of morphogenesis (DAAM) subfamily (Higgs and 
Peterson 2005). This suggests that small molecules that target the DID/DAD 
 regulatory domains might exhibit formin subfamily specificity, which would aid in 
characterizing the role of these functionally related proteins. Furthermore, while 
core residues are conserved between the DID and DAD sequences across these three 
subfamilies, they differ significantly in overall DID and DAD sequence (Higgs and 
Peterson 2005), suggesting the possibility of identifying mDia-specific, FRL-
 specific, and DAAM-specific inhibitors. Finally, even within the mDia  subfamily, 
limited differences in the sequence of the paralogues mDia1, mDia2, and mDia3 
allow for isoform-specific small-molecule inhibitors that could be used to discrimi-
nate the distinct roles of mDia family members (Higgs and Peterson 2005).

A small-molecule inhibitor of mDia1 would offer additional advantages over 
conventional research tools used to study this protein. For example, it has been 
observed that deletion of the gene encoding mDia1 results in the up-regulation of 
mDia2 expression (Peng et al. 2003). A rapid-acting chemical inhibitor of mDia1 
might allow for the study of loss of mDia1 function while avoiding the  compensatory 
up-regulation of mDia2 expression, thereby facilitating the identification of iso-
form-specific mDia functions. The temporal control afforded by the use of chemi-
cal inhibitors allows for inhibitor wash-out experiments, which may shed light on 
the role of mDia1 in the formation of such dynamic structures as filopodia (Peng 
et al. 2003; Higashida et al. 2004), the cytokinetic ring (Watanabe et al. 1997; 
Tominaga et al. 2000), and the mitotic spindle (Kato et al. 2001). Finally, chemical 
inhibition offers the advantage of knocking down protein function without the 
expression of dominant negative peptide fragments that may interact with 
 endogenous binding partners (Watanabe et al. 1999). This advantage is especially 
relevant in the context of Rho GTPase effectors, where dominant negative 
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 constructs may bind to and titrate away the pool of activated Rho GTPases, cloud-
ing the interpretation of resultant phenotypes.

An allosteric mDia1 inhibitor may also serve as a useful tool in furthering our 
understanding of the molecular details of mDia regulation. For example, binding of 
Rho only partially relieves the autoinhibition of mDia1 actin nucleation in vitro (Li
and Higgs 2003, 2005), which raises the possibility that additional, unidentified 
regulatory proteins are involved in mDia activation. A small-molecule inhibitor 
that stabilizes the cellular pool of mDia1 into an autoinhibited conformation may 
allow for the purification and identification of “dead end” mDia1/ activator com-
plexes for subsequent analysis and identification of interacting proteins.

Finally, while there is as yet no direct link between mDia activity and the 
 development of disease states, DRFs have been proposed as novel drug targets in 
cancer due to their role in regulating both the actin and microtubule cytoskeleton 
(Faix and Grosse 2006) and the importance of these cytoskeletal elements for mitosis 
and cytokinesis. mDia1 interacts with the tumor suppressor adenomatous polyposis 
coli (APC), and may serve as a scaffold for APC-mediated microtubule stabilization 
(Wen et al. 2004). In addition, mDia1 binds polycystin 2 (PKD2), a protein linked to 
the development of polycystic kidney disease (Rundle et al. 2004). Additional 
 evidence for the involvement of these cytoskeletal regulators in the development of 
disease comes from the human DRFs, where mutations in the genes encoding hDia1 
and hDia2 have been associated with non-syndromic deafness (Lynch et al. 1997) and 
premature ovarian failure (Bione et al. 1998). Given the role of DRFs in a number of 
important cellular processes, it is likely that aberrant DRF function will be implicated 
in additional human disease states. As such, small-molecule inhibitors of mDia1 
could help define the role of these proteins in disease development.

4.5  Screening Approaches to Identify Allosteric 
mDia1 Inhibitors

Similar to the approaches described for Pak1, chemical screens to identify allosteric 
inhibitors of mDia should be designed such that the chosen assays address both the 
inhibitory activity of a compound as well as the mechanism of action. One such 
approach would involve performing parallel in vitro actin polymerization assays 
(Cooper et al. 1983): one with full-length mDia1 proteins, the other with a  truncated 
mDia1 protein containing only the FH2-DAD domains. In the first screen, the ability
of full-length mDia1 to stimulate actin polymerization in the presence of activator 
(GTP-bound Rho) and individual compounds would be assayed. A second screen 
would then be performed that would test the ability of the same compounds to 
inhibit the actin-nucleating activity of a truncated mDia1 protein containing only 
the catalytic FH2-DAD domains. This FH2-DAD fragment lacks the autoregula-
tory domains required for autoinhibition, and as such displays high intrinsic 
 catalytic activity (Li and Higgs 2003). Compounds that inhibit only the full-length 
protein, and not the isolated catalytic fragment, may target the autoregulatory 
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domains of mDia1. In contrast, compounds that inhibit both the full-length and 
truncated mDia1 proteins are likely to act either non-specifically or by targeting the 
catalytic domains of the protein. This type of assay was used in the characterization 
of wiskostatin, where it was demonstrated that wiskostatin was unable to inhibit the 
catalytic VCA fragment of N-WASP, but significantly inhibited the catalytic activity
of the full length N-WASP construct (see above and Peterson et al. 2004).

Another approach to assay compounds for their mechanism of action could be to 
directly monitor the interaction between recombinant protein fragments  containing 
the autoregulatory DID and DAD domains in vitro using fluorescence polarization 
assays. These assays are commonly used in high throughput screens to identify 
compounds that disrupt protein–protein interactions (Owicki 2000; Burke et al. 
2003); however, in this case the technique could be used to identify  compounds that 
stabilize the autoinhibitory interactions of the DID and DAD. Fluorescence polariza-
tion assays have been used to investigate DID/DAD interactions (Lammers et al. 
2005; Li and Higgs 2005; Rose et al. 2005; Wallar et al. 2006), and this assay has 
been used to demonstrate the mutually exclusive binding of Rho-GTP and a mDia1 
construct containing the DID (Rose et al. 2005). In this report, an mDia fragment 
containing the DID was added to a DAD-containing fragment labeled with the 
fluorophore 7-amino-4-methylcoumarin-3-acetic acid (AMCA). The  interaction 
between these two fragments resulted in a dramatic increase in the  fluorescence 
polarization of the DAD construct, indicative of a binding interaction. Addition of 
activated RhoA, but not RhoA-GDP, reduced the fluorescence  polarization back to 
basal levels, indicating a disruption of the DID/DAD interaction (Rose et al. 2005). 
This assay could be adapted to test the ability of individual compounds to stabilize 
the interaction between the DID and the DAD in the  presence of active RhoA. 
Compounds that stabilize the interactions between the DID and fluorescently labeled 
DAD would result in increased fluorescence  polarization of DID/DAD complexes 
that persist despite the addition of active RhoA. To further characterize those 
 compounds that appear to stabilize the DID/DAD complex, a follow-up fluores-
cence polarization assay could be performed using a DID-containing fragment 
mutated from Ala to Asp at residue 256. This DID mutant is unable to interact with 
DAD-containing protein fragments (Otomo et al. 2005; Rose et al. 2005). Therefore, 
compounds that stabilize the interaction of mutated-DID/DAD interaction in this 
assay may be acting through a non- specific mechanism.

5 Concluding Remarks/Perspective

Autoinhibition is a regulatory strategy employed by many Rho GTPase effectors 
including enzymes and non-catalytic, scaffolding proteins. The conformational 
changes and binding events that activate and relieve autoinhibition can provide 
opportunities for small-molecule binding and intervention as illustrated by N-WASP 
and wiskostatin. In particular, the trapping of native, inactive conformations may be 
a broadly applicable approach to inhibiting proteins regulated in this way. In  principle, 
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this mechanism provides two key advantages over active site-directed inhibitors. 
First, inhibition by stabilization of autoinhibited states allows for the targeting of 
proteins, such as scaffolding proteins, which lack classical small molecule-binding 
active sites and have not been considered “druggable” targets. As such, the spectrum 
of proteins amenable to small-molecule inhibition may be significantly greater than 
previously appreciated, implying the existence of a larger number of potential 
 targets for therapeutic intervention. Second, increased inhibitor specificity may be 
achieved since autoregulatory domains may not be as evolutionarily conserved in 
sequence as catalytic sites between closely related proteins. Indeed, the well-
 documented promiscuity of many ATP-competitive kinase inhibitors illustrates the 
challenge of achieving target specificity with active site-directed inhibitors.

Wiskostatin was identified in a phenotypic screen for inhibitors of a signaling 
cascade without preordination of target or mechanism of action. Nevertheless, 
inhibitors that act by a similar mechanism should, in principle, be identifiable by 
targeted screens using purified proteins that include the relevant autoinhibitory 
domains. Consequently, prior detailed biochemical and/or structural knowledge of 
the regulatory mechanism of the targeted protein facilitates the design of assays that 
specifically detect compounds that exploit that mechanism. Pak1 and mDia1 are 
two Rho GTPase effectors for which a wealth of biochemical and structural data 
are available regarding their mechanisms of autoinhibition and activation. We used 
these examples here to illustrate how this knowledge can be applied to specifically 
identify inhibitors that stabilize their autoinhibited states. Furthermore, specific 
chemical inhibitors of these proteins have not been reported and would be novel 
and complementary tools to elucidate their biological functions.

Stabilization of autoinhibited conformations need not be limited to effectors of 
the Rho GTPases, however. Many other proteins are regulated by defined 
 autoinhibitory domains and could be amenable to the screening strategies and 
 allosteric small-molecule inhibition as described here. The example of wiskostatin 
hints that autoinhibited proteins, in general, could represent a hitherto largely 
 unexploited class of small-molecule targets.
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Abstract Coiled coils are bundles of intertwined α-helices that provide protein–
protein interaction sites for the dynamic assembly and disassembly of protein 
complexes. The coiled-coil motif combines structural versatility and adaptability 
with mechanical strength and specificity. Multimeric proteins that rely on coiled-
coil interactions are structurally and functionally very diverse, ranging from sim-
ple homodimeric transcription factors to elaborate heteromultimeric scaffolding 
clusters. Several coiled-coil-bearing proteins are of outstanding pharmacologi-
cal importance, most notably SNARE proteins involved in vesicular trafficking 
of neurotransmitters and viral fusion proteins. Together with their crucial roles 
in many physiological and pathological processes, the structural simplicity and 
reversible nature of coiled-coil associations render them a promising target for 
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pharmacological interference, as successfully exemplified by botulinum toxins 
and viral fusion inhibitors.

The α-helical coiled coil is a ubiquitous protein domain that mediates highly 
specific homo- and heteromeric protein–protein interactions among a wide range of 
proteins. The coiled-coil motif was first proposed by Crick on the basis of X-ray 
diffraction data on α-keratin more than 50 years ago (Crick 1952, 1953) and nowa-
days belongs to the best-characterized protein interaction modules. By definition, a 
coiled coil is an oligomeric protein assembly consisting of several right-handed 
amphipathic α-helices that wind around each other into a superhelix (or a super-
coil) in which the hydrophobic surfaces of the constituent helices are in continuous 
contact, forming a hydrophobic core. Both homomeric and heteromeric coiled coils 
with different stoichiometries are possible, and the helices can be aligned in either 
a parallel or an antiparallel topology (Harbury et al. 1993, 1994). Stoichiometry and 
topology are governed by the primary structure, that is, the sequence of the 
polypeptide chains, and a given protein can participate in multiple assembly–
disassembly equilibria among several coiled coils differing in stoichiometry and 
topology (Portwich et al. 2007).

Protein complexes whose oligomeric quaternary structures – and, hence, biological
activities – depend on coiled-coil interactions include transcription factors, tRNA 
synthetases (Biou et al. 1994; Cusack et al. 1990), cytoskeletal and signal-trans-
duction proteins, enzyme complexes, proteins involved in vesicular trafficking, 
viral coat proteins, and membrane proteins (Langosch and Heringa 1998). It is 
thus not surprising that coiled-coil motifs have gained great attention as potential 
targets for modulating protein–protein interactions implicated in a large number of 
diseases.

In this review, we will first discuss some fundamental functional and structural 
aspects of a simple and well-characterized representative of coiled-coil transcrip-
tion factors (Sect. 1) before considering two more complex coiled coils found in 
scaffolding proteins involved in mitosis and meiosis and vesicular trafficking 
(Sect. 2). This will set the stage for addressing the role of coiled coils in viral infec-
tion (Sect. 3) as well as strategies of interfering with such protein–protein interac-
tions therapeutically (Sect. 4 and 5).

1 Introduction: The GCN4 Leucine Zipper

The two-stranded transcription factor GCN4 (general control nondepressible) from 
Saccharomyces cerevisiae was the first coiled coil for which a high-resolution 
crystal structure became available (O’Shea et al. 1991) and until now has remained 
one of the best-studied coiled coils. Therefore, and owing to its structural and 
functional simplicity, GCN4 lends itself ideally as an example for introducing the 
basic features inherent to coiled-coil motifs.
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1.1 Function

Transcription factors enable cells to quickly and adequately respond and adapt 
to environmental changes by reprogramming their transcription pattern, that is, 
by activating or repressing gene expression in a spatially and temporally control-
led manner. The GCN4 protein was originally identified as a positive regulator 
of genes encoding enzymes required for amino acid biosynthesis (Hinnebusch 
1992), but it has since been implicated in various other biosynthetic pathways as 
well (Hinnebusch and Natarajan 2002). Upon amino acid, purine, or nitrogen 
starvation, the GCN4 protein level is upregulated through several mechanisms, 
and GCN4 homodimers bind to a consensus sequence (TGACTC) found 
upstream of target genes, thus derepressing their transcription. These targets 
include more than 35 genes encoding enzymes involved in amino acid biosyn-
thesis (Hinnebusch 1992); furthermore, transcription of at least 10% of all genes 
of the entire yeast genome is directly or indirectly stimulated by GCN4 
(Hinnebusch and Natarajan 2002).

The GCN4 dimer belongs to the family of basic region leucine zipper (bZip) 
transcription factors, which are of paramount importance in all eukaryotic 
cells (Hurst 1994, 1995). The two vital functions of these proteins – that is, 
dimerization and ensuing DNA binding – are reflected in the structure of their 
bZip domain, which is about 60–80 amino acid residues long and consists of 
two distinct regions (Vinson et al. 1989): an N-terminal basic region responsi-
ble for binding to the major groove of double-stranded DNA and a C-terminal 
leucine zipper mediating dimerization (Ellenberger et al. 1992; Keller et al. 
1995; König and Richmond 1993). The dimeric quaternary structure of GCN4 
and other bZip transcription factors bears several advantages over transcription 
regulators acting as monomers. Trivially, although monomeric or multimeric 
proteins can serve the same purpose, binding to double-stranded DNA 
 inherently reveals some bias in favor of dimeric protein complexes. More 
importantly, however, the dimeric nature of the active state brings about a more pro-
nounced concentration dependence as compared with a biologically active 
protein monomer. This is due to the fact that the concentration of protein dim-
ers is not a linear function of the concentration of monomeric subunits, but 
reveals a steeper dependence. Finally, the modular architecture of bZip tran-
scription factors allows for a huge number of conceivable homo- and 
heterodimeric combinations resulting from a rather limited set of polypeptide 
chains. GCN4 natively self-associates into a homodimeric protein assembly, 
but other members of the bZip family are involved in simultaneous, competing 
homo- and heterodimeric association processes, giving rise to transcription 
factors differing in DNA-binding avidity and even target-gene specificity 
(O’Shea et al. 1989, 1992; Hurst 1994, 1995; Glover and Harrison 1995; 
Newman and Keating 2003).
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1.2 Structure

The GCN4 protein is 281 amino acid residues long and contains a bZip domain at 
its C-terminus (O’Shea et al. 1991). The 31-residue coiled-coil leucine zipper 
spans residues 249–279 of the full-length protein; its sequence reads 
R [M

2
KQL

5
EDK]

I
 [V

9
EEL

12
LSK]

II
 [N

16
YHL

19
ENE]

III
 [V

23
ARL

26
KKL]

IV
 V

30
G

and reveals four so-called heptad repeats typical of all coiled coils. Each of these 
repeating heptads consists of seven amino acid residues, corresponding to two heli-
cal turns (see below), and is generically represented by [abcdefg]

i
, where i stands 

for the heptad number (heptads I–IV in the present case). This is conveniently 
illustrated in a helical-wheel diagram (Fig. 1), where all residues along the four 
heptads of the GCN4 coiled coil are projected onto a plane perpendicular to the 
supercoil axis.

Positions a and d (denoted by lower-case residue numbers in the above 
sequence) play a key role as they constitute the dimerization interface, that is, the 
hydrophobic core that is shielded from the aqueous environment upon coiled-coil 
assembly. These positions are usually occupied by hydrophobic, often branched 
amino acid residues, such as leucine, isoleucine, and valine (McLachlan and 
Stewart 1975; Conway and Parry 1990, 1991). In the case of the GCN 4 coiled 
coil, valine is the predominant residue found at the a positions, whereas all d

Fig. 1 Helical-wheel diagram of the homodimeric GCN4 leucine-zipper coiled coil, corresponding 
to residues 249–279 of the full-length GCN4 protein. View from N-terminus. Residues next to the 
viewer are surrounded by circles. Single-letter code for amino acids is used. Crossed arrows in the 
center denote interactions in the hydrophobic core, whereas dashed arrows represent inter- and 
intrahelical salt bridges (copyright Wiley-VCH Verlag GmbH & Co. KGaA, reproduced with 
permission from Portwich et al. 2007)
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positions carry leucine residues. Like many similar dimeric transcription factors, 
GCN4 displays an asparagine residue (N

16
) in the a position of the third heptad 

(Hurst 1994, 1995), which is crucial for dimerization. Substitution of this con-
served asparagine by other amino acid residues, even glutamine, gives rise to a 
mixture of dimers and trimers (Harbury et al. 1993; Potekhin et al. 1994; 
Knappenberger et al. 2002) or destabilizes the dimeric coiled coil (Gonzalez et al. 
1996). More generally, the residues in the hydrophobic core positions a and d act 
as a switch for the transition from the native dimeric to trimeric coiled-coil struc-
tures, and even very subtle modifications, such as supposedly conservative amino 
acid substitutions may exert a tremendous effect on coiled-coil stoichiometry 
(Portwich et al. 2007). Positions b, c, e, f, and g face the aqueous outside of the 
assembly and are mostly occupied by hydrophilic residues. In particular, the posi-
tions neighboring the hydrophobic core, that is, e and g, are rich in glutamic acid 
and lysine residues.

The X-ray structure of the parallel GCN4 homodimer (O’Shea et al. 1991; Fig. 2) 
confirmed the model of knobs-into-holes packing suggested by Crick (1953), in 
which each of the hydrophobic side chains at positions a and d of either helix pro-
trudes into a cavity molded by the side chains of four residues of the opposing 
helix. Importantly, a slight distortion of both constituent helices as compared with 
a typical monomeric or globular α-helix causes the helical pitch to amount to 3.5 
residues rather than the usual 3.6 residues. Therefore, each heptad corresponds to 
exactly two helical turns, allowing all a and d side chains along all four heptads to 
contact the hydrophobic helix–helix interface.

The glutamic acid and lysine residues at positions e and g stabilize the 
assembly in a twofold manner. On one hand, the methylene groups of their side 
chains shield the hydrophobic core from water (Alber 1992; Hodges et al. 
1994). On the other hand, oppositely charged residues in these positions form 
inter- and intramolecular salt bridges (O’Shea et al. 1991). In the GCN4 leucine 
zipper, intrahelical salt bridges exist between residues K8 (g) and E11 (c) as 
well as E22 (g) and R25 (c), which most likely competes with an interhelical 
salt bridge between E22 (g) and K27 (e¢). Two other interhelical salt bridges are 
established between E20 (e) and K15 (g¢) as well as K27 (e) and E22 (g¢). Since 
these intermolecular salt bridges are not entirely surrounded by water, but par-
tially exposed to the hydrophobic core, ion-pair formation contributes consider-
ably to coiled-coil stability (Krylov et al. 1994; Lavigne et al. 1996; Lumb and 
Kim 1995). Not unexpectedly, introduction of like charges into juxtaposing 
residues in positions g and e¢ or g¢ and e drastically destabilizes bZip coiled 
coils (O’Shea et al. 1992).

Close inspection of the crystal structure (Fig. 2) and, more obviously, of the 
pattern of salt bridges highlighted in the helical-wheel diagram (Fig. 1) reveals that 
the homodimeric GCN4 coiled coil is not strictly symmetric with respect to the 
supercoil axis. Also, the core-flanking positions e and g are not equivalent, as might 
naively be deduced from the helical-wheel diagram. This asymmetry manifests 
itself in the observation that position g is significantly more sensitive towards 
amino acid substitutions than position e (Portwich et al. 2007).
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Fig. 2 The 1.8-Å X-ray structure of the homodimeric GCN4 leucine-zipper coiled coil, corre-
sponding to residues 249–279 of the full-length GCN4 protein (PDB accession code 2ZTA; 
O’Shea et al. 1991). (a) Side view, N-terminus at top. (b) Axial view from N-terminus. Side chains 
of residues at the hydrophobic core positions a and d are shown in black, side chains of residues at the 
core-flanking positions e and g in light gray
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2 Coiled Coils in Scaffolding Proteins

As pointed out above, dimeric transcription factors represent a particularly simple 
and well-studied example of α-helical leucine zippers. However, coiled coils can 
assume more complex quaternary structures and are involved in a plethora of 
other molecular interactions and key cellular processes. On the basis of 29 
genomes sequenced as of 2001, ten percent of all eukaryotic proteins and five 
percent of all prokaryotic proteins have been predicted to bear coiled-coil motifs 
(Liu and Rost 2001).

The most obvious advantage of coiled coils for their function as transcription 
factors appears to reside in their dynamic association–dissociation equilibrium 
(cf. Sect. 1.1). Another asset of coiled coils is their mechanical strength, and it 
can therefore be anticipated that they play an eminent role in many scaffolding 
proteins, most of which need to confer both stability and adaptability to supramo-
lecular complexes, organelles, cells, and tissues. In fact, the first amino acid 
sequence of a coiled-coil motif was published in 1972 for tropomyosin, an actin-
binding muscle contraction regulator protein (Hodges et al. 1972; Sodek et al. 
1972). Other examples of scaffolding proteins containing coiled coils include 
cytoskeletal proteins, such as intermediate filaments (Steinert 1993), kinesin and 
other motor proteins, as well as occludin, an integral membrane protein implicated

Fig. 2 (continued) 
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in the organization of epithelial tight junctions. In this section, we will focus on 
two members of the vast and diverse class of coiled-coil-based scaffolding pro-
teins, namely, protein complexes involved in mitosis and presynaptic vesicle 
docking and fusion.

2.1 The Ndc80 Complex

An example of a coiled coil that is structurally more sophisticated than and 
functionally drastically different from dimeric leucine zippers is provided by the 
heterotetrameric Ndc80 complex, an essential component of eukaryotic kineto-
chores. Each kinetochore consists of several dozen different proteins and is 
located on the centromere of a chromosome, where it dynamically connects the 
latter to the plus ends of microtubules from the mitotic spindle, thus mediating 
chromosome alignment and sister-chromatid segregation during mitosis and 
meiosis (Cleveland et al. 2003). Just like many other kinetochore proteins, the 
Ndc80 complex is highly conserved among eukaryotic organisms, even though 
kinetochores from different species vary largely with respect to their organiza-
tional complexity (Maiato et al. 2004).

The four proteins constituting the Ndc80 complex are named HEC1 (human 
homologue, highly expressed in cancer; yeast homologue known as Ndc80), Nuf2, 
Spc24, and Spc25 and comprise about 670, 460, 200, and 220 amino acid residues, 
respectively (Wigge and Kilmartin 2001). The heterotetrameric Ndc80 complex has 
a rod-like architecture in which a long coiled-coil shaft separates two relatively 
small globular heads, one formed by HEC1 and Nuf2 and the other one by Spc24 
and Spc25 (Ciferri et al. 2005; Wei et al. 2005). All four protein subunits contain 
long stretches of leucine-zipper heptad repeats. HEC1 and Nuf2 form a stable 
heterodimeric subcomplex with an N-terminal globular domain and a C-terminal 
coiled-coil domain with a predicted length of about 35 nm. Of note, neither HEC1 
nor Nuf2 is stable on its own, and the N-terminal globular parts of the two proteins 
do not associate in the absence of the coiled-coil regions. Likewise, Spc24 and 
Spc25 also heterodimerize to give rise to a second subcomplex with a smaller 
C-terminal globular head and an N-terminal coiled coil that possesses about half 
the number of residues and, consequently, is about half as long as that of the HEC1/
Nuf2 subcomplex. The crystal structures of the two globular domains of the yeast 
complex have been solved (Wei et al. 2006, 2007), providing strong evidence that 
HEC1/Nuf2 and Spc24/Spc25 interact directly with microtubules and kinetochore 
proteins, respectively.

Such detailed structural insight is currently not available for the elongated 
coiled-coil domain of the Ndc80 complex, but several complementary approaches 
have shed considerable light on the molecular organization of the coiled-coil 
assembly. Electron micrographs readily visualize the yeast Ndc80 complex, whose 
total length has been estimated to amount to about 57 nm (Wei et al. 2005). Without 
the two globular domains, the coiled-coil shaft is about 51 nm long, which is in 
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excellent agreement with the summed lengths predicted for the coiled-coil domains 
of the HEC1/Nuf2 and Spc24/Spc25 subcomplexes (see above). This implies that 
the two subcomplexes assemble into the tetrameric Ndc80 complex by aligning in 
a linear tail-to-tail arrangement. Antibody labeling experiments using the yeast 
complex (Wei et al. 2005) and size-exclusion chromatography on its human homo-
logue (Ciferri et al. 2005) have indeed demonstrated that the double-stranded 
coiled-coil domains of HEC1/Nuf2 on one hand and Spc24/Spc25 on the other 
hand avidly interact with each other in such a way. How exactly this tail-to-tail 
contact is established remains elusive, but it is intriguing that the polypeptide chain 
of HEC1 C-terminally extends for about 80 residues beyond that of Nuf2 and, 
consequently, beyond the C-terminus of the double-stranded HEC1/Nuf2 coiled 
coil. A similar overhang is observed for the N-terminus of the second subcomplex, 
where Spc24 extends for about 20 residues beyond Spc25 (Wei et al. 2005). Hence, 
the overhanging, single-stranded chains of both subcomplexes could act as “sticky 
ends” that intertwine with each other so that the shaft of the Ndc80 complex 
consists of a continuous double-stranded coiled coil. Alternatively, it is conceivable 
that a three-stranded tetramerization domain is formed in which either overhanging 
polypeptide chain is incorporated into the coiled-coil domain of the opposing 
subcomplex. The latter scenario is compatible with the agreement of measured and 
predicted coiled-coil lengths (see above), but a final answer will have to await 
further structural elucidation.

The overall structure of the Ndc80 complex reflects its function as a scaffolding 
protein in the kinetochore: While the two terminal globular domains provide attach-
ment sites for microtubules and proteins located in the interior of the kinetochore, 
the central shaft bridges the outer plate of the kinetochore and thus transmits forces 
exerted between the mitotic or meiotic spindle apparatus and the chromosomal 
centromere. Whether, in addition to its static scaffolding function, the dynamics of 
association and dissociation of the Ndc80 complex plays a role in the regulation of 
the spindle apparatus has yet to be determined.

2.2 SNARE Proteins

Proteins, lipids, and other biomolecules are transferred among different cellular 
compartments by transport vesicles, which carry hydrophilic cargoes in the aque-
ous lumen or hydrophobic ones in the lipid membrane. Crucially, each vesicle must 
pinch off from the membrane of its parent compartment and recognize and fuse 
with that of its target compartment in a highly specific and tightly regulated way, 
such as to release its contents at the right place at the right time (Bennett 1995). In 
addition, very high activation energy barriers must be overcome during fusion of 
the vesicle membrane with the target membrane (Chernomordik and Kozlov 2005). 
In all eukaryotic cells, these tasks are accomplished by a family of proteins called 
soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) 
proteins (Söllner et al. 1993).
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Although SNAREs differ substantially from one another with respect to size, 
structure, and cellular localization, they all have in common a conserved cytosolic 
coiled-coil domain of 60–70 residues known as the SNARE motif and a membrane-
anchoring domain, such as a transmembrane sequence or cysteine-linked palmitoyl 
chains. SNARE proteins may be classified according to two different criteria: 
Traditionally, vesicle SNAREs (v-SNAREs) are distinguished from target-membrane 
SNAREs (t-SNAREs) because they are initially attached to different membranes. 
A more recent classification based on structural features (Fasshauer et al. 1998) 
distinguishes among four conserved subfamilies called R-, Qa-, Qb-, and Qc-
SNARES, depending on whether a polypeptide chain contributes an arginine or a 
glutamine residue to a central region of the coiled coil termed the zero ionic layer 
(Sutton et al. 1998). By virtue of their SNARE motifs, and upon stimulation by a 
specific trigger, cognate v- and t-SNARE proteins avidly but reversibly assemble 
into a four-stranded coiled coil known as the SNAREpin, in which each of the 
above subfamilies is represented by one helix. Since the constituent protein subunits
remain anchored to the membranes of different compartments or organelles, this 
assembly is said to be a trans-SNARE complex. Importantly, coiled-coil interac-
tions first occur at the membrane-distal N-terminal end of the SNARE motif and 
then propagate towards the C-terminal membrane-binding domains, thus bringing 
the two membranes in closer contact. This zippering of the coiled-coil domain is 
energetically favorable and is thought to contribute substantially to surmounting the 
high activation energy barrier associated with membrane fusion (Weber et al. 
1998). After fusion, all polypeptide chains reside in the same membrane, and the 
assembly is henceforth referred to as a cis-SNARE complex.

A very important and outstandingly well-studied SNARE protein complex is 
that mediating the Ca2+-triggered fusion of acetylcholine-transporting neuronal 
vesicles with the presynaptic plasma membrane, thereby releasing the neurotrans-
mitter into the synaptic cleft (Hanson et al. 1997). Here, synaptobrevin (also 
known as vesicle-associated membrane protein, VAMP) acts as v-SNARE and 
R-SNARE, residing in the membrane of presynaptic vesicles and contributing an 
arginine residue to the zero ionic layer. By contrast, syntaxin 1 and SNAP 25 
(soluble N-ethylmaleimide-sensitive factor attachment protein of 25 kDa) assume 
the roles of t-SNAREs and Q-SNAREs, both being attached to the presynaptic 
plasma membrane and carrying glutamine residues in the center of their coiled-
coil regions. Synaptobrevin and syntaxin 1 each contribute one helix to the coiled 
coil of the SNARE complex and are anchored to their respective membranes 
through their C-terminal transmembrane segments, whereas SNAP 25 participates 
with two helices in the complex and is bound to the presynaptic plasma membrane 
through palmitoyl chains linked to cysteine residues in between the two coiled-coil 
segments.

The structure of the trimeric core SNARE complex has been solved by X-ray 
crystallography (Sutton et al. 1998). The hydrophobic interface of the four-stranded 
coiled-coil region is commonly grouped into layers, each of which consists of four 
residues, one from each constituent helix. In the center of this elongated assembly, 
the zero ionic layer, containing one arginine (R56 from synaptobrevin) and three 
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glutamine residues (Q226 from syntaxin 1, Q53 and Q174 from SNAP 25), is 
flanked by two extended leucine-zipper regions whose layers are denoted +1, +2, 
etc. and −1, −2, etc., respectively. These coiled coils shield the zero ionic layer from 
water and thus enhance electrostatic attraction between the guanidinium group of 
the arginine and the carbonyl groups of the three glutamines. Without this stabiliz-
ing effect, the SNARE complex readily dissociates, which has been suggested to 
allow for recycling of SNARE proteins once membrane fusion is completed (Sutton 
et al. 1998).

Complex assembly upon neuronal stimulation by Ca2+ and disassembly upon 
acetylcholine release are controlled by an elaborate, but as yet poorly defined, 
network of SNARE master proteins. For instance, the vesicle-associated protein 
synaptotagmin acts as Ca2+ sensor and binds to certain membrane lipids as well as 
SNARE proteins, thereby modulating their oligomerization (Stein et al. 2007). 
Another regulatory mechanism is exerted by the N-terminal three-helix domain of 
syntaxin 1 itself, which can fold back onto the SNARE motif and thus prevent it 
from participating in coiled-coil assembly. Furthermore, this SNARE motif confers 
not only interaction with cognate SNARE proteins, but also binding to voltage-
gated Ca2+ and K+ channels in the presynaptic plasma membrane (Bezprozvanny 
et al. 1995) and self-association of syntaxin 1 into homomeric protein clusters 
comprising about 75 monomers (Sieber et al. 2006, 2007). Clustering is believed to 
be essential for providing the high syntaxin 1 densities required for vesicle docking 
and fusion, but a detailed understanding of this phenomenon and the mode of action 
of SNARE masters is just beginning to emerge. Nevertheless, neuronal v- and t-
SNAREs can be reconstituted separately into artificial lipid bilayers and spontane-
ously trigger vesicle fusion (Schuette et al. 2004). Very recently, the energetics and 
dynamics of SNAREpin formation have been assessed by measuring the forces 
exerted between v- and t-SNAREs embedded in two opposing, solid-supported
lipid bilayers (Li et al. 2007), suggesting that assembly of a single SNARE coiled 
coil can release sufficient energy to fuel hemifusion, but not complete fusion, of the 
membranes.

In summary, coiled-coil-dependent SNARE complexes fulfill multiple key 
functions in vesicular trafficking, accounting for target-membrane recognition, 
vesicle tethering, and energy supply. Moreover, SNAREs are likely to serve as 
scaffolds for the recruitment and assembly of other proteins involved in docking 
and fusion and could thus be crucial for integrating these two processes 
(Gillingham and Munro 2003).

3 Role of Coiled Coils in Viral Infection

Coiled-coil interactions are essential not only for vesicular trafficking during intra-
cellular protein and lipid transport and intercellular communication using neuro-
transmitters (see Sect. 2.2), but they also constitute an indispensable part of the 
fusion machinery of enveloped viruses. Viruses have to overcome the membrane of 
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the host cell to deliver their genetic material into the cytosol and nucleus so that a 
new infectious cycle can be established. Viral entry into host cells proceeds via two 
functionally distinct steps, namely, recognition of the target cell and fusion of the 
viral membrane with the cell membrane of the host (for a recent review, see 
Weissenhorn et al. 2007). While recognition of target cells is appropriately specific 
and falls beyond the scope of this work, the basic steps leading to membrane fusion 
are believed to be common to all enveloped viruses, though differences exist as to 
the mode of activation, the structural motifs used, and the initial state of oligomeri-
zation of the viral fusion protein. For the purpose of this review, we restrict our 
considerations to class I fusion proteins, which are of extraordinary importance 
from a pharmacological viewpoint. We will first describe the generic functions of 
these fusion proteins during viral entry into the host cell and then turn our attention 
to two specific examples, influenza hemagglutinin and HIV gp41.

3.1 Class I Fusion Proteins

The first step in a fusion process triggered by a class I fusion protein is an activation 
event that releases a viral fusion peptide, which interacts with the target membrane. 
In the second step, a conformational change of the entire fusion protein brings the 
viral and target membranes into close proximity. Functional separation of these two 
steps ensures that the fusion mechanism is activated only when the target mem-
brane is within reach. As implied in a very similar way for SNARE-mediated 
membrane fusion (see Sect. 2.2), the free energy difference between the pre- and 
post-fusion states of the fusion protein is the driving force for membrane deforma-
tion and ultimately fusion (Weissenhorn et al. 2007).

Recognition of target structures and membrane fusion are mediated by viral 
glycoproteins exposed at the surface of enveloped viruses. These glycoproteins 
contain a receptor-binding region and a part responsible for membrane fusion. Both 
are synthesized as a single polypeptide chain that assembles into a homotrimer 
before being proteolytically cleaved into two subunits, a receptor-binding protein 
and a fusion protein. The subunits remain closely associated and represent the 
metastable, fusion-competent state. The receptor-binding protein is entirely external 
to the viral membrane and contains specificity determinants for target-membrane 
receptor recognition. By contrast, the fusion protein is an integral membrane 
protein made up of a C-terminal endodomain, a transmembrane region, and an 
N-terminal ectodomain. The ectodomain contains two heptad repeat regions (HR1 
and HR2), which are separated by a hinge domain, and an N-terminal hydrophobic 
sequence known as the fusion peptide, which makes contact with the target mem-
brane. HR1 is present as a central trimeric coiled-coil stalk already in the pre-fusion 
complex. Activation of the fusion complex upon receptor binding leads to a number 
of sequential conformational changes (Fig. 3). First, the fusion protein is released 
from its complex with the receptor-binding protein, thereby exposing and extending 
the fusion peptide to establish interaction with the target membrane. Then, HR2 
folds back onto the hydrophobic outer groove of the central trimeric coiled-coil 
stalk of HR1, thus forming a stable six-helix bundle. This refolding brings the viral 



Fig. 3 Schematic of the different steps in viral fusion. (a) Trimeric HA in the pre-fusion state (Wilson 
et al. 1981; PDB accession code 1HGG). HA

1
 is shown in yellow, HA

2
 in gray (two monomers) and in 

three different colors (third monomer). The transmembrane anchor is schematically shown as yellow 
ribbons, the cellular membrane in pink. The fusion peptide (red) is sequestered in the complex. (b) Only 
one monomer of HA

2
 is shown for clarity. The arrow indicates movement of the fusion peptide towards 

the cellular membrane after activation. (c) Hypothetical structure showing the HA
2
-monomer with the 

fusion peptide inserted into the cellular membrane just before refolding of HR2 (green) onto HR1 (blue). 
(d) Refolding of HR2 and HR1 into the six-helix bundle brings the N-terminal fusion peptide and the 
C-terminal transmembrane anchor in close proximity, initiating hemi-fusion of the membranes. 
(e) Complete fusion of the cellular with the viral membrane allows transfer of viral genetic material through 
the pore. The interaction of the fusion peptide with the transmembrane region of HA

2
 is hypothetical only 

(copyright Taylor & Francis Ltd, reproduced with permission from Schibli and Weissenhorn 2004)
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and target membranes into sufficiently close apposition to initiate fusion according 
to the stalk hypothesis (Chernomordik and Kozlov 2005). The post-fusion state of 
the viral fusion protein is extremely stable, with unfolding temperatures >90°C 
(Baker et al. 1999). Hence, both the stability of coiled coils and their specificity are 
exploited in virus-induced membrane fusion.

3.2 Influenza Hemagglutinin

The best-characterized example of a viral fusion protein is influenza hemagglutinin 
(HA). In fact, the generic events described above derive almost entirely from 
studies on influenza HA, and it is still the only class I fusion protein for which 
structures of all relevant stages are available, that is, the unprocessed precursor HA

0

as well as the fusion protein itself in the pre- and post-fusion states (Chen et al. 
1998; Wilson et al. 1981; Carr and Kim 1993; Bullough et al. 1994). HA

0
 is cleaved 

into HA
1
, the receptor-binding protein, and HA

2
, the fusion protein, which together 

form the fusion-competent HA protein. In spite of this proteolytic step, HA
1
 and 

HA
2
 remain covalently connected by a disulfide bridge. HA

1
 recognizes specific 

sialic acid residues of glycoproteins and glycolipids in the target host membrane. 
Organ specificity of viral infection is achieved through differential affinities to the 
major types of sialic acid–galactose linkages and their differential organ distribu-
tion (Ito et al. 1997). Binding of HA

1
 to as yet unidentified target receptors leads to 

endocytosis of the HA
1
/HA

2
 complex by the host cell. The low pH of the late endo-

some triggers the release of the fusion protein HA
2
 from the metastable HA

1
/HA

2

complex to initiate membrane fusion (Skehel and Wiley 2000). In vitro, membrane 
fusion can also be initiated by elevated temperature (Wharton et al. 1986). 
Recombinantly expressed HA

2
 lacking the fusion peptide and the C-terminal 

transmembrane region spontaneously folds into the stable post-fusion conforma-
tion, structurally and biochemically indistinguishable from that of full-length HA

2

in the post-fusion state (Chen et al. 1995). This indicates that this conformation is 
the lowest-free-energy state of the molecule, implying that the receptor-binding 
protein functions as a kinetic trap for the fusion protein, which is released upon 
lowering pH or raising temperature.

3.3 Gp41 of HIV-1

Human immunodeficiency virus 1 (HIV-1) is the causative pathogen of acquired 
immunodeficiency syndrome (AIDS). The precursor protein gp160 is cleaved into 
gp120, the receptor-binding protein, and gp41, the fusion protein. In contrast to 
HA, the association of the gp120/gp41 complex is noncovalent. The resulting protein
complex, also referred to as Env protein, is composed of three gp120 and three 
gp41 subunits and is exposed at the surface of the virus. Recognition of CD4 
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receptors present on T-cells, macrophages, and monocytes by gp120 induces a 
first conformational change and enables binding of co-receptors, particularly 
chemokine receptors CCR5 and CXCR4. A second conformational change then 
leads to the release of gp41, which is sufficient for catalyzing membrane fusion. On 
the contrary to HA, no change in pH or temperature is required for activation of the 
fusion protein. Though no structure of the pre-fusion state of gp41 is available to 
date, the structural similarity of the recombinantly expressed ectodomain of gp41 
with the post-fusion state of HA

2
 suggests that the sequence of events leading to 

membrane fusion is similar for the two proteins (Chan et al. 1997; Tan et al. 1997; 
Weissenhorn et al. 1997). As detailed above (see Sect. 3.1), the structure of the 
fusion protein reveals a six-helix bundle containing in its center a trimeric coiled-coil
stalk of HR1 immediately C-terminal to the fusion peptide. Three HR2 helices pack 
into the hydrophobic grooves formed by the HR1 trimer, which accommodate three 
hydrophobic amino acid residues of HR2, that is, W628, W631, and I635 (numbers 
refer to the precursor gp160).

4 Therapeutic Interference with Coiled-Coil Interactions

Among the structurally and functionally diverse coiled-coil proteins discussed so 
far, SNARE proteins (Sect. 2.2) and viral fusion proteins (Sect. 3) are of particu-
lar therapeutic relevance because they both represent targets of approved and 
widely employed drugs, botulinum toxins and fusion inhibitors. However, the 
specificity and reversibility of their association and the crucial roles they play in 
many central cellular processes suggest that many other coiled coils might also be 
considered promising targets for pharmacological interference.

4.1 Botulinum Toxins

Botulinum toxins from Clostridium botulinum are the most toxic proteins known to 
date but have, nevertheless, found widespread pharmaceutical and cosmetic use. 
Botulinum toxin type A (BTX-A) was approved in 1989 for the treatment of 
strabismus and in 2002 as a cosmetic against glabellar lines. Meanwhile, the use of 
BTX-A has been extended to the treatment of numerous other disorders resulting 
from hyperactive skeletal or smooth muscles, hypersecretory and painful disorders, 
and serotype B (BTX-B) was approved for treatment of cervical dystonia in 2000. 
Subcutaneous and intramuscular injections of BTX-A figure among the most popular 
cosmetic treatments worldwide (Lim and Seet 2007).

BTX-A consists of two polypeptide chains that are connected by a disulfide 
bridge. The 100-kDa heavy chain confers binding to proteins located in the presyn-
aptic membrane of neuromuscular junctions and subsequent neuronal internalization
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by endocytosis. Upon reduction of the disulfide bond, the 50-kDa light chain 
escapes from endocytotic vesicles and proteolytically degrades SNAP 25. Other 
botulinum toxins, known as serotypes B–G, share the same two-chain structure and 
a similar route of cellular uptake but proteolyze different components of the 
SNARE complex: type E also attacks SNAP 25, type C targets both SNAP 25 and 
synaptobrevin, whereas types B, D, F, and G degrade synaptobrevin (Jahn and 
Niemann 1994). Whichever SNARE protein is the target of the proteolytic attack, 
botulinum toxins consistently prevent presynaptic vesicles from docking to and 
fusing with the presynaptic plasma membrane to release acetylcholine neurotrans-
mitter into the neuromuscular junction, which causes flaccid muscular paralysis 
that can persist for up to several months.

4.2 Viral Fusion Inhibitors

Until recently, only two proteins essential for the viral life cycle were targets of 
therapeutic intervention by three mechanistic classes of antiretroviral drugs. 
Reverse transcriptase is the target of nucleoside and non-nucleoside reverse 
transcriptase inhibitors (NRTIs and NNRTIs), while HIV protease is targeted by 
protease inhibitors (PIs). In March 2003, however, Enfuvirtide was approved as the 
first HIV fusion inhibitor. Enfuvirtide is a peptide consisting of residues 643–678 
of the HIV-1 gp160 protein. These residues are part of the HR2 segment of gp41 
that folds back onto the hydrophobic groove formed by the HR1 stalk. The mecha-
nism of action is thought to involve competitive binding of Enfuvirtide to HR1 
while gp41 is still in the pre-fusion state, thus inhibiting membrane fusion and viral 
entry. Interestingly, the first peptides inhibiting viral fusion were designed in the 
absence of high-resolution structural data on the fusion protein, and structural 
implications of the fusion process were merely based on secondary-structure 
prediction from the primary sequence of gp160 (Wild et al. 1992). Though 
Enfuvirtide lacks the three hydrophobic residues of HR2 that are in contact with 
HR1 (see Sect. 3.3), it has reasonably high in vitro antiviral activity with an IC

50

value for HIV-1 entry of 50–60 nM (Wild et al. 1994). Peptides derived from the 
HR1 region also inhibit viral entry, indicating that the believed mechanism of 
action is essentially correct (Wild et al. 1992; Jiang et al. 1994).

The wealth of structural details and structure–activity relationships available for 
coiled-coil interactions make Enfuvirtide and other peptides obvious candidates for 
rational drug development. Indeed, several peptide sequences modified accordingly 
have been shown to be more active in inhibiting viral entry, with IC

50
 values in the 

upper femtomolar to lower nanomolar range (Otaka et al. 2002; Eron et al. 2004; 
Dwyer et al. 2007). A peptide termed T-1249 appeared to be the most promising 
candidate for development of second-generation fusion inhibitors because it 
possesses greater in vitro potency than Enfuvirtide and is active on most 
Enfuvirtide-resistant strains, too (Eron et al. 2004). However, further development 
was put on hold because its poor solubility and stability more than outweigh its 
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favorable safety, efficacy, and tolerability properties determined in phase I trials 
(Martínez-Carbonero 2004).

In an effort to design more potent inhibitors of viral fusion, Dwyer et al. (2007) 
applied modifications to an HR2 peptide known to increase helical content and 
 oligomer stability of coiled-coil peptides. Having identified functionally critical
 residues by alanine scanning, they introduced glutamic acid and arginine residues 
at the core-flanking positions e and g such as to promote interhelical salt bridges 
stabilizing the coiled-coil assembly (see Sect. 1.2). Additionally, eight non-critical
residues were replaced by alanine, which has one of the highest propensities to 
induce α-helix formation. In a last step, two alanine residues were included at a and d
positions to increase the hydrophobic contact area of the core. The resulting peptide,
referred to as T-2635, assembles into a homotrimeric coiled-coil structure at low 
micromolar concentrations and forms an extremely stable six-helix bundle with 
HR1, having a melting temperature of 86°C in 8 M urea. In vitro, T-2635 reveals 
greatly enhanced activity in comparison with Enfuvirtide against several, though 
not all, tested HIV-1 strains. Moreover, viral resistance evolves considerably slower 
for a close analogue of T-2635 as compared with Enfuvirtide (Dwyer et al. 2007).

Several small molecules inhibiting HIV-1 fusion with IC
50

 in the lower micro-
molar range have been discovered by high-throughput screening of molecular 
libraries. These compounds are believed to inhibit viral entry by interacting with 
the hydrophobic cavity of gp41-HR1, thereby destabilizing the central three-helix 
stalk and inhibiting formation of the post-fusion six-helix bundle (Jiang et al. 2004; 
Jin et al. 2005). Developing such small-molecule lead scaffolds into more potent 
HIV-1 fusion inhibitors is attracting enormous attention from both academic and 
industrial researchers as this could mark a major breakthrough in antiretroviral 
therapy.

5 Other Therapeutic Applications of Coiled Coils

Owing to their structural versatility, stability, and specificity, leucine zippers and 
other coiled coils have gained widespread attention as potential tools and building 
blocks for a number of model applications. Contegno et al. (2002) proposed a gen-
eralized method to inactivate self-associating molecular targets by creating a 
chimera of a coiled-coil domain and the selected target, creating interaction sites at 
both ends of the molecule. Because of the bifunctionality of the chimera, this leads 
to the formation of large-molecular-weight complexes and consequent inactivation 
of the target molecule. However, it is not clear from this work whether the chimera 
is stable in solution by itself or its application has to rely exclusively on genetic 
methods.

Coiled-coil systems have been considered as drug-delivery vehicles for the con-
trolled release of drugs. An interesting approach to the reversible formation of a 
hydrogel has been described. An artificial recombinant polypeptide consisting of 
coiled-coil oligomerizing sequences and an unstructured part of hydrophilic amino 
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acids with large solvent retention functionality was constructed. Oligomerization 
via the coiled-coil region leads to formation of a hydrogel. Changes in pH or tem-
perature lead to dissociation of the coiled-coil oligomers and dissolution of the 
hydrogel (Petka et al. 1998).

The specificity of coiled-coil oligomerization has also been used in drug targeting.
In an approach known as pretargeting, a targeting compound, e.g., an antibody, is 
fused to a heterodimerizing coiled-coil sequence. The therapeutic agent, e.g., a 
radionuclide–chelate complex, is equipped with the complementary coiled-coil 
sequence. Administration of the targeting compound specifically labels the thera-
peutic target. Subsequent administration of the therapeutic agent and formation of 
the heterocomplex lead to targeted delivery of the drug to the site of interest. This 
is expected to increase therapeutic efficiency and reduce unwanted side reactions 
(Goodwin and Meares 2001; Goldenberg 2003). An advantage of using coiled-coil 
sequences for this approach is their small size with no concomitant loss of 
specificity.
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Direct AKAP-Mediated Protein–Protein 
Interactions as Potential Drug Targets

C. Hundsrucker and E. Klussmann(*ü )

Abstract A-kinase-anchoring proteins (AKAPs) are a diverse family of about 50 
scaffolding proteins. They are defined by the presence of a structurally conserved 
protein kinase A (PKA)-binding domain. AKAPs tether PKA and other signalling 
proteins such as further protein kinases, protein phosphatases and phosphodi-
esterases by direct protein–protein interactions to cellular compartments. Thus, 
AKAPs form the basis of signalling modules that integrate cellular signalling
processes and limit these to defined sites. Disruption of AKAP functions by gene 
targeting, knockdown approaches and, in particular, pharmacological disruption 
of defined AKAP-dependent protein–protein interactions has revealed key roles of 
AKAPs in numerous processes, including the regulation of cardiac myocyte con-
tractility and vasopressin-mediated water reabsorption in the kidney. Dysregulation 
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of such processes causes diseases, including cardiovascular and renal disorders. In 
this review, we discuss AKAP functions elucidated by gene targeting and knock-
down approaches, but mainly focus on studies utilizing peptides for disruption of 
direct AKAP-mediated protein–protein interactions. The latter studies point to 
direct AKAP-mediated protein–protein interactions as targets for novel drugs.

Abbreviations AKAP: A-kinase-anchoring protein; AVP: arginine-vasopressin; 
GEF: guanine nucleotide exchange factor; PKA: protein kinase A; SR: sarcoplasmic 
reticulum; PDE:  phosphodiesterase; cAMP:  cyclic adenosine monophosphate; 
PLN: phospholamban; RyR2: ryanodine receptors type 2; PP2B: protein phosphatase 
2B/ calcineurin

1  A-Kinase-Anchoring Proteins Are Platforms 
for Cellular Signal Integration

The compartmentalization of cyclic adenosine monophosphate (cAMP)-dependent 
signalling is a prerequisite for numerous cellular processes, including cardiac myocyte
contraction and exocytic processes, such as arginine-vasopressin (AVP)-mediated 
water reabsorption in renal collecting duct principal cells (Beavo and Brunton 
2002; Houslay et al. 2005; Beene and Scott 2007; Szaszák et al. 2008).

Key players in compartmentalised cAMP signalling are A-kinase-anchoring 
proteins (AKAPs; see also Dodge-Kafka et al. this volume). They comprise a 
family of about 50 scaffolding proteins, which form the basis of cAMP-dependent 
signalling modules at defined cellular sites (Tasken and Aandahl 2004; Wong and 
Scott, 2004). AKAPs tether the main effector of cAMP, cAMP-dependent protein 
kinase (protein kinase A, PKA), to cellular compartments, and thereby limit its 
access to a subset of its substrates. Several AKAPs directly interact with PKA sub-
strates. For example, AKAP18α, also termed AKAP15 or AKAP7α, directly inter-
acts with L-type Ca2+ channels via a C-terminal leucine-zipper motif in cardiac 
myocytes and thereby facilitates β-adrenoceptor-dependent PKA phosphorylation 
of this channel. The phosphorylation increases channel open probability, enhances 
Ca2+ entry into the cytosol and thereby contributes to the β-adrenoceptor-mediated 
increase in cardiac myocyte contractility (Hulme et al. 2003).

The tethering of PKA through AKAPs by itself is not sufficient to compartmentalize
and control a cAMP-dependent pathway since cAMP readily diffuses throughout 
the cell. Therefore, discrete cAMP signalling compartments are only conceivable if 
this diffusion is limited. Phosphodiesterases (PDE) establish gradients of cAMP by 
local hydrolysis of the second messenger and thereby terminate PKA activity 
locally (Lynch et al. 2006; Conti and Beavo 2007). Several AKAPs interact with 
PDEs and thus play a role at this level of control. For instance, AKAP450, mAKAP 
and AKAP18δ directly interact with PDE4D (Dodge et al. 2001; Tasken et al. 2001; 
Stefan et al. 2007). The AKAP18δ-PDE4D interaction, for example, appears to be 
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involved in the control of AVP-mediated water reabsorption in renal collecting duct 
principal cells (Stefan et al. 2007).

AKAPs also bind protein phosphatases dephosphorylating PKA substrates and 
thereby terminate PKA signalling. Phosphatase 2A (PP2A) is, for instance, bound 
by mAKAP and dephosphorylates Ca2+-activated Ca2+ release channels (ryanodine 
receptors type 2, RyR

2
) in cardiac myocytes. Dephosphorylation decreases channel 

open probability and contributes to lowering cytosolic Ca2+, which in turn decreases 
cardiac myocyte contractility (Pare et al. 2005).

In addition to PKA, PDEs and protein phosphatases involved in cAMP signal-
ling, AKAPs bind further signalling proteins, including other kinases, such as 
protein kinases C (PKC) and D (PKD), and other protein phosphatases, such as 
calcium/calmodulin-dependent phosphatase (calcineurin, protein phosphatase 2B, 
PP2B) (Carnegie et al. 2004; Oliveria et al. 2007). The activation of some of these 
signalling proteins depends on second messengers other than cAMP, e.g., Ca2+

activating calcineurin and PKC. Some AKAPs possess own catalytic activity, such 
as Rab32, which functions as an AKAP and possesses GTPase activity (Alto et al. 
2002). A prime example of an AKAP integrating cellular signalling is AKAP-Lbc 
(Diviani et al. 2001). AKAP-Lbc catalyses the exchange of GDP for GTP on the 
small GTPase Rho through its Rho guanine nucleotide exchange factor (GEF) 
activity. The active, GTP-bound Rho induces the formation of F-actin-containing 
stress fibres. An increase of the cAMP level in response to direct activation of 
adenylyl cyclase with forskolin mediates activation of AKAP-Lbc-bound PKA. 
PKA in turn phosphorylates AKAP-Lbc. Subsequently, a protein of the 14-3-3 family 
binds to the phosphorylated site and inhibits the RhoGEF activity (Diviani et al. 
2004). Conversely, lysophatidic acid, an agonist stimulating receptors coupled to 
the G protein G

12
, increases the RhoGEF activity of AKAP-Lbc (Diviani et al. 

2001). In addition, α
1
-adrenoceptor-mediated activation of G

12
 with phenyle-

phrine increases the RhoGEF activity of AKAP-Lbc in cardiac myocytes by ele-
vating its expression. This causes cardiac myocyte hypertrophy (Appert-Collin 
et al. 2007).

2 Elucidation of AKAP Functions

Physiological functions of AKAPs have been elucidated by gene targeting in mice 
and knockdown experiments with RNA

i
 in various cultured cell types. Moreover, 

the disruption of direct AKAP-mediated protein–protein interactions with peptides 
in in vitro and cellular assays and animal models has revealed the involvement of 
AKAPs in a variety of cellular processes. In this chapter we will mainly focus on 
studies utilising peptides for disruption of direct AKAP-mediated protein–protein 
interactions. These studies point to AKAP-mediated protein–protein interactions as 
targets for novel drugs. Initially, we briefly discuss AKAP functions elucidated by 
gene targeting and gene silencing.
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2.1 Disruption of AKAP Function by Gene Targeting

Although knockout and RNA
i
 strategies have revealed crucial functions of AKAPs 

in elementary processes whose dysregulation causes disease, it is not clear to which 
degree the loss of the AKAP function of a protein, i.e. its ability to interact with R 
subunits of PKA, contributes to the phenotypes because gene knockout deletes all 
functions of a protein.

Knockout of AKAP149 (also termed AKAP1) decreases fertility in female null 
mutant mice, but not in heterozygotes (Newhall et al. 2006). Oocytes from null 
mutant females are either degenerated or arrested in the germinal vesicle state. RIIα
does not associate with mitochondria as in wild-type oocytes, suggesting that 
AKAP149-dependent localization of PKA at mitochondria is essential to drive 
oocyte maturation.

AKAP4, also termed fibrous sheath component 1, is sperm-specifically 
expressed and the major fibrous sheath protein of the principal piece of the sperm 
flagellum. AKAP4 knockout mice are infertile due to inhibition of sperm motility. 
Immotility is associated with the disruption of the fibrous sheath in spermatozoa 
and the redistribution of RIIα subunits of PKA from the particulate to the soluble 
fraction (Huang et al. 2005).

Disruption of D-AKAP2 increases the cardiac response to cholinergic stimuli. 
The mutant mice suffer from cardiac arrhythmias, and approximately 50% of 
homozygous and 25% of heterozygous mice die in the first year of life, pointing to 
a key role of D-AKAP2 in the control of heart rhythm (Tingley et al. 2007).

AKAP150 directly binds L-type Ca2+ channels in neurons (Hall et al. 2007; 
Oliveria et al. 2007). AKAP150 facilitates PKA phosphorylation of serine 1928 of 
the α

1
 subunit of the channel upon β-adrenergic stimulation. This is abolished in 

the knockout mice, but does not cause detectable phenotypic changes of the animal. 
Consistently, knockin mice with a substitution of serine 1928 for alanine fail to 
upregulate channel activity in response to adrenergic stimuli (Gao et al. 1997).

WAVE-1, a member of the Wiskott-Aldrich syndrome protein (WASP) family, 
binds PKA and thus functions as an AKAP. Knockout of WAVE-1 reduces size of 
the mice and causes behavioural abnormalities, including deficits in sensorimotor 
function and cognition (Soderling et al. 2003). Approximately one third of the 
homozygous null progeny die within 24–48 h of birth. WAVE-1 knockout mice are 
characterised by a phenotype similar to the one observed in patients with a mental 
disorder, 3p syndrome. Analysis of WAVE-1 knockin mice lacking the interaction 
domain of WAVE-1 for mental disorder-associated GAP protein (MEGAP/WRP) 
display a similar phenotype as the knockout animals and the patients suffering from 
3p syndrome. In the knockin mice the WAVE-1-dependent interaction of WRP with 
the small GTPase Rac1 does not occur, and thus WRP does not inactivate Rac1 
(Soderling et al. 2002, 2007). The loss of the AKAP function in the knockout model 
may at least partially contribute to the phenotypic differences between the knockout 
and knockin models.

Microtubule-associated protein (MAP) 2 is a neuron-specific AKAP. Knockout 
mice lack gross abnormalities, which is most likely due to the compensation of the 
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loss by MAP1B (Teng et al. 2001). However, several subtle changes in hippocampal 
neurons are detectable. They include reduction in microtubule density in dendrites 
and of dendritic length, reduced amounts of catalytic, RIIα and RIIβ subunits of 
PKA in dendrites and reduced CREB phosphorylation in response to forskolin 
(Harada et al. 2002). A disease with a similar phenotype has not been identified.

Ezrin belongs to the ezrin-radixin-moesin (ERM) protein family. The ERM 
proteins connect the cytoskeleton with plasma membrane proteins (Bretscher et al. 
2002). ERM proteins function as AKAPs binding RI and RII subunits of PKA with 
low affinity (e.g. K

D
 for binding of ezrin to RII ~30 µM) compared with other 

AKAPs (e.g. K
D
 for binding of RIIβ to AKAP18δ =20 nM) (Dransfield et al. 1997; 

Henn et al. 2004). Ezrin knockout causes growth retardation and high mortality. 
Only ~7% of the animals survive to adulthood. The cause of this early death is 
unclear. Postnatal day-1 mice show, for example, substantial retardation in the 
development of photoreceptors, reductions in the apical microvilli of retinal pig-
ment epithelium (RPE) and of Müller cells, and reductions of basal infoldings in 
RPE cells (Bonilha et al. 2006). In addition, surviving mice suffer severe achlorhy-
dria, caused by defects in the formation of canalicular apical membranes in gastric 
parietal cells (Tamura et al. 2005).

The protein encoded by myeloid translocation gene 8, MTG8, is an AKAP 
(Fukuyama et al. 2001b). The reciprocal translocation, t(8;21)(q22;q22), occurs 
almost always in leukaemic cells of patients with acute myeloid leukaemia (AML). 
The translocation disrupts the AML1 gene on chromosome 21 and the ETO 
(MTG8) gene on chromosome 8 (Miyoshi et al. 1991; Erickson et al. 1992; Nisson 
et al. 1992; Fukuyama et al. 2001a). MTG8 knockin mice heterozygous for an 
allele mimicking the human t(8;21) translocation die in mid-gestation from 
haemorrhage in the central nervous system and exhibit a severe block in foetal liver 
haematopoiesis (Yergeau et al. 1997).

Taken together, additional genetically modified animal models, where the PKA-
binding domain is deleted in selected AKAPs, are required to understand the role 
of AKAP-PKA interactions in cellular function. Deletion of other interaction 
domains within AKAPs will elucidate the function of further direct AKAP-mediated
protein–protein interactions.

2.2 Knockdown of AKAP Expression Using RNA
i
 Approaches

AKAP350 targets PKA and a variety of interacting proteins to the Golgi apparatus 
in epithelial cells. Larocca et al. utilized RNA

i
 directed against AKAP350, which 

reduced the expression level to 20% in HeLa cells and disperses the Golgi apparatus,
indicating that the AKAP is important for the maintenance of the Golgi.

The human AKAP79 and its rat ortholog AKAP150 bind PKA, PKC and calcineurin. 
Knockdown of AKAP79 in HEK293-B2 cells, stably expressing the β

2
-adrenoceptor, 

revealed that AKAP79-bound PKA phosphorylates the receptor and thereby induces 
switching of the receptor G protein coupling from G

s
 to G

i
 (Lynch et al. 2005).
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The use of RNA
i
 also revealed that AKAP79/AKAP150 coordinate the regulation 

of AMPA receptors and M-type K+ channels (Hoshi et al. 2005; Hoshi and Scott 
2006). Endogenous AKAP79 in human-derived cells and AKAP150 in rat-derived 
cells were knocked down. Their expression was reconstituted with an ortholog 
version lacking a particular binding domain. For example, the lack of AKAP79 was 
rescued by an AKAP150 version lacking the PKA-binding domain. This work 
showed that in hippocampal neurons, AKAP150 positions PKA and calcineurin to 
modulate AMPA channels and maintains PKC inactive. In superior ganglial 
neurons, AKAP150 facilitates PKC phophorylation of M channels, while keeping 
PKA and calcineurin inactive. The difference in targeting is due to the interaction 
of AKAP150 with the scaffolding protein SAP97, which occurs in hippocampal 
neurons, but not in superior ganglial neurons.

The expression and thus RhoGEF activity of AKAP-Lbc and the expression of 
mAKAP are upregulated in cardiac myocyte hypertrophy. The AKAP-Lbc RhoGEF 
activity upregulation is due to constitutive α

1
-adrenoceptor signalling (see above). 

Knockdown of either AKAP-Lbc or mAKAP prevents the hypertrophy (Pare et al. 
2005; Appert-Collin et al. 2007).

AKAP18δ directly interacts with phospholamban (PLN) in cardiac myocytes. 
Knockdown of AKAP18δ decreases the velocity of Ca2+ reuptake from the cytosol 
into the sarcoplasmic reticulum (SR). Therefore, AKAP18δ participates in controlling
the relaxation of the heart muscle (Lygren et al. 2007).

Willoughby et al. (2006) compared cAMP dynamics in microdomains beneath 
the plasma membrane with global cAMP dynamics in HEK293 cells. RNA

i
 directed 

against human gravin (also termed AKAP12 or AKAP250) reduces gravin expression
by 80% and limits hydrolysis of subplasmalemmal cAMP, as gravin no longer 
tethers PDE4D to the plasma membrane. Rescue of gravin expression with the 
mouse ortholog Src-suppressed C kinase substrate (SSeCKS) of gravin reverses 
the effects of gravin knockdown (Willoughby et al. 2006).

Combined knockdown of MAP2 or tau in MAP1B-deficient mouse hippocam-
pal neurons with antisense oligonucleotides arrests the cells in early stages of neuro-
nal polarity development (compare MAP2 knockout mice, see Sect. 2.1; 
Gonzalez-Billault et al. 2002).

AKAP97 (radial spoke protein 3, RSP3) is a flagellar protein of Trypanosoma 
brucei. Its knockdown leads to immotility due to defective flagellar beat, loss of 
radial spokes and defects in cytokinesis (Ralston et al. 2006). In nasopharyngeal 
carcinoma 5–8 F cells, RNA

i
 directed against ezrin reduces the invasiveness of the 

cells (Peng et al. 2007).
Similar to the knockout approaches described above (Sect. 2.1), knockdown 

strategies have highlighted crucial roles of AKAPs in a variety of cellular functions 
that cause disease if they are dysregulated. However, like the knockout strategies, 
knockdown approaches do not define the roles of AKAP-PKA or other direct 
AKAP-mediated protein–protein interactions in a cellular process. In order to 
define the function of particular protein interactions, agents such as peptides or 
small molecules for their disruption are needed.
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2.3 Peptides as Disruptors of Protein–Protein Interactions

Peptides mimicking binding domains disrupt protein–protein interactions with high 
selectivity by competitively binding to one of the interacting partners. Such pep-
tides have been widely utilized to gain insight into the function of protein–protein 
interactions (Shin et al. 2005).

The generation of disruptor peptides requires mapping of the interacting 
domains. Recent studies took advantage of a combination of peptide spot technology 
(Kramer and Schneider-Mergener 1998; Frank 2002) and overlay assays with 
recombinant proteins (Kofler et al. 2005; Hundsrucker et al. 2006; Stefan et al. 
2007; Sachs et al. 2007; Baillie et al. 2007). Here, overlapping peptides of up to 27 
amino acids in length covering the entire sequence of a protein are spot-synthesized
on cellulose membranes and overlaid with a potential interacting partner. This, 
together with analysis of 3D protein structures, reveals continuous and discontinuous 
interaction sites (Bolger et al. 2006). The influence of single amino acid contribu-
tions to the interaction is revealed by amino acid substitution arrays in which every 
amino acid is replaced with every amino acid found in native proteins (an example 
is shown in Fig. 1). This approach allows for optimisation of peptides, i.e., an 
increase in affinity and selectivity (Burns-Hamuro et al. 2003; Gold et al. 2006). 
Interactions detected by this technique need to be confirmed by other approaches, 
e.g., immunoprecipitation studies with truncated versions of the proteins.

Optimised peptides to be used for disruption of protein–protein interactions can 
be modified for visualisation, immobilisation or cell permeation by coupling to 
fluorescent dyes, affinity tags, cell penetrating tags or sequences (e.g., stearate, 
poly-arginine, penetratin, MAP- or Tat-peptide), respectively, (Vives, 2005; Zorko 
and Langel 2005; Lygren et al. 2007; Smith et al. 2007).

2.4  Peptides Interfering with Direct AKAP-Mediated 
Protein–Protein Interactions

Disruption of AKAP-PKA interactions with PKA-anchoring disruptor peptides 
has provided insight into the function of this interaction. Inactive PKA holoen-
zyme is a heterotetramer consisting of a homodimer of regulatory RI (RIα or 
RIβ) or RII (RIIα or RIIβ) subunits and two catalytic (Cα, Cβ or Cγ) subunits, 
each bound to one of the regulatory subunits (Kim et al. 2007; Wu et al. 2007). 
Depending on the presence of RI or RII subunits, PKA is designated type I or 
type II. AKAPs bind dimers of regulatory subunits, preferentially RII subunits, 
although some AKAPs also bind RI subunits. The PKA-binding domains of 
AKAPs (also termed RII-binding domains) are structurally conserved. They form 
amphipathic α-helices, which dock into a hydrophobic pocket formed by the R 
subunits dimers, the dimerisation and docking (DD) domain. The identity of 
amino acid sequences of RII-binding domains is <30%. The amphipathic helix 
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structure of RII-binding domains was initially predicted from a fragment of AKAP-
Lbc, Ht31 (Carr et al. 1991) and confirmed by NMR studies for a peptide (Ht31) derived 
from the RII-binding domain of AKAP-Lbc (Table 1) and for a peptide derived from 
the RII-binding domain of AKAP79 (Newlon et al. 1999). Recent X-ray crystallog-
raphy studies confirmed the amphipathic helix structures for AKAP

IS
 (see below) 

and a peptide derived from the RII-binding domain of D-AKAP1 (Gold et al. 2006; 
Kinderman et al. 2006).

The dissociation constants for the interactions of the peptide Ht31 with RIIα and 
RI subunits are K

D
 = 1.3 ± 0.06 µM and 2.2 ± 0.03 nM, respectively (Table 1) (Carr 

et al. 1992; Alto et al. 2003). Consistently, in vitro and cellular assays revealed that 
the peptide Ht31 functions as an effective disruptor of both AKAP-RI and AKAP-RII 

Fig. 1 Peptide substitution array of the RII-binding domain of AKAP18δ. Shown is a peptide 
array of spot-synthesized 25-amino-acid-long peptides, comprising the RII-binding domain of 
AKAP18δ (positions 296–320; vertical) in which every amino acid is replaced by the amino acids 
indicated at the top of the membrane. Peptides were spot-synthesised on cellulose membranes and 
probed for binding to 32P-labelled RII subunits of PKA (RII-overlay assay). Binding of RII-subunits 
was detected by autoradiography. Amino acids indicated by solid boxes are conserved in RII-binding 
domains. Introduction of proline into the core RII-binding domain leads to disruption of the 
α-helical structure of the domain, which reduces or abolishes RII-binding (highlighted by the 
dotted box). Amino acids are indicated by single letter code
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interactions. Alto et al. (2003) utilized peptides derived from RII-binding domains of 
AKAP-KL, AKAP79, mAKAP, AKAP18α and AKAP-Lbc for amino acid substitu-
tion analysis at all positions within the peptides and a bioinformatics approach to 
develop a high-affinity peptide termed AKAP in silico (AKAP

IS
). The dissociation 

constants for the binding of AKAP
IS

 to regulatory RI and RII subunits of PKA are 
K

D
 = 0.23 ± 0.05 nM and 0.45 ± 0.07 nM, respectively (Table 1). Consistent with 

this, AKAP
IS

 disrupts AKAP-RI and AKAP-RII interactions. In HEK293 cells 
overexpressing glutamate GluR1 receptors, AKAP

IS
 displaces PKA type II from the 

receptors and thereby evokes a rapid reduction of glutamate GluR1 receptor currents. 
Among the AKAPs binding RII subunits with high affinity is AKAP18δ (RIIα: K

D
 = 

31 nM; RIIβ: K
D
 = 20 nM) (Henn et al. 2004). Truncated versions of AKAP18δ bind 

RII subunits with even higher affinity than the full-length protein (e.g. K
D
 of amino acids 

124–353 for binding RIIβ = 4 nM; Henn et al. 2004). This observation led to the 
development of 25-amino-acid-long PKA-anchoring disruptor peptides derived from 
the RII-binding domain of AKAP18δ. The wild-type peptide AKAP18δ-wt binds 
RIIα subunits (K

D
 = 0.4 ± 0.3 nM) with higher affinity than peptides derived from the 

RII-binding domains of other AKAPs and with a similar high affinity as AKAP
IS

(Table 1). Peptide substitution arrays and Biacore measurements revealed that several 
AKAP18δ-derived peptides bind RII subunits with a similar high affinity (Fig. 1). 
One of these is the peptide AKAP18δ-L314E, characterised by greater water solubil-
ity than AKAP18δ-wt. Therefore, it is widely applicable for the study of compart-
mentalized PKA signalling. The ability of AKAP18δ-derived peptides to displace RI 
subunits from AKAPs has not been investigated.

The dual specificity AKAPs D-AKAP1 and D-AKAP2 bind both RI and RII subu-
nits of PKA. This observation initiated the development of peptides selectively disrupt-
ing AKAP-RI and AKAP-RII interactions. On the basis of the PKA-anchoring domain 
of D-AKAP2, Burns-Hamuro et al. (2003) generated the peptide AKB-RI (A-kinase-
binding-RI. It binds RIα subunits with approximately 90-fold higher affinity than RIIα
subunits (K

D
 = 5.2 ± 0.5 nM versus 456 ± 33 nM) and thus preferentially disrupts 

AKAP–RI interactions. In addition, the peptide AKB-RII with opposite binding char-
acteristics was developed (Burns-Hamuro et al. 2003). It binds RIα subunits with 
almost 1,000-fold lower affinity than RIIα subunits (K

D
 = 2.4 ± 0.4 µM versus 2.7 ± 

0.1 nM). Carlson et al. (2006) developed the peptide RIAD (RI-Anchoring Disruptor). 
It was optimised for RI binding based on the PKA-anchoring domains of the dual-
specificity AKAPs D-AKAP1, AKAP149, AKAP82 and ezrin, which possess higher 
binding affinity for RIα than for RIIα subunits. The dissociation constants for the 
binding of RIAD to RIα and RIIα subunits of PKA are K

D
 = 1.0 ± 0.1 nM and 1.76 ± 

0.3 µM, respectively (Table 1). Compared with other peptides, RIAD is, therefore, the 
peptide with both the highest affinity and specificity for RIα subunits. Consequences 
of disruption of AKAP-RI interactions with RIAD in cultured T-cells are reduced 
phosphorylation and therefore inactivation of C-terminal Src kinase (Csk) by PKA 
type I. This in turn leads to a reduced phosphorylation of the lymphocyte-specific protein-
thyosine kinase (Lck), which causes up-regulation of T cell receptor signalling. RIAD 
also reduced progesterone production in adrenocortical cells, which thus depends on 
the interaction of RI with AKAPs (Carlson et al. 2006).
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Several PKA-anchoring disruptor peptides have been rendered cell-permeable (e.g. 
coupling Ht31 or AKAP18δ-derived peptides with stearate) and utilised to study 
functions of AKAP-PKA interactions in cultured cells (Table 2). Moita et al. (2002) 
carried out experiments with stearate-coupled Ht31 peptide in brains of rats. They 
infused the peptide into the lateral amygdala in order to examine the role of PKA 
anchoring in auditory fear memory. Behavioural tests revealed that anchoring of PKA 
is necessary for the consolidation, but not for the acquisition of conditioned fear.

A few peptides have been used to displace interaction partners other than PKA 
from AKAPs. For example, disruption of the interaction of AKAP18δ with PLN 
employing a peptide derived from the PLN interaction site for AKAP18δ reduces 
the velocity of Ca2+ reuptake into the SR of cardiac myocytes (Lygren et al. 2007). 
The effect of the peptides resembles the effect of RNA

i
 directed against AKAP18δ (see 

above). A peptide derived from the leucine zipper motif of AKAP18α that interferes 
with the interaction of AKAP18α with L-type Ca2+ channels prevents β-adrenoceptor-
mediated increases of Ca2+ entry into cardiac myocytes (Hulme et al. 2003).

The properties of the peptides described here are summarized in Table 1. 
Functions of direct AKAP-mediated protein–protein interactions identified by the 
use of PKA-anchoring disruptor peptides and peptides disrupting interactions of 
AKAPs with other partners are listed in Table 2.

2.5  Disruption of AKAP–PKA Interactions 
by Genetically Encoded Peptides

In order to study the function of PKA anchoring in cell and animal models, disruptor 
peptides have been genetically encoded for expression. Generally, this approach over-
comes limitations of peptides, such as their short half-life if applied to animals 
parenterally. In addition, this technique allows for introduction of peptides into cells 
and possibly animals that are not or are only limitedly accessible to chemical synthe-
sis. Furthermore, encoding peptides genetically permits labelling with chromophores, 
such as green fluorescent protein (GFP), permitting tracking of the peptides in living 
cells. For example, a GFP-AKAP

IS
 fusion protein transiently expressed in HEK293 

cells displaces PKA from the Golgi and was utilized to study co-localisation with 
PKA RII subunits (Alto et al. 2003). Similarly, the peptide RIAD was fused to GFP. 
Analysis of HEK293 cells expressing the fusion protein revealed binding of RIAD to 
PKA regulatory RI subunits and confirmed the involvement of PKA type I in T cell 
receptor signalling and progesterone production (see above).

Bond and co-workers introduced Ht31 peptides by adenoviral transfer into 
primary neonatal cardiac myocytes and observed an increase in contractility (see 
Sect. 3; Fink et al. 2001).

In order to investigate the influence of AKAP-PKA interactions on hippocampal 
synaptic plasticity and spatial memory, transgenic mice conditionally expressing 
the peptide Ht31 in forebrain neurons were generated (Nie et al. 2007). Analysis of 
the transgenes shows that at hippocampal Schaffer collateral CA3–CA1 synapses,
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Table 2 Examples of functional consequences of disruption of AKAP-dependent protein–protein 
interactions with disruptor peptides (see Table 1) 

Peptide
disruptor Cell type

Protein complex 
comprising Functional consequence

Ht31 Mouse oocytes PKA, AKAP?, 
maturation
promoting factor

Stimulation of oocyte 
maturationa

S-Ht31 Renal inner medul-
lary collecting duct 
(IMCD) cells

AKAP18δ, AKAP?, 
PKA

Inhibition of aquaporin-2 
redistributionb

AKAP18δ-wt Rat neonatal cardiac 
myocytes

PKA, AKAP18α,
L-type Ca2+ channel

Reduction of L-type Ca2+

channel currentsc

AKAP
IS

HEK293 cells PKA, AKAP79, AMPA 
channel (GluR1 
receptor subunits)

Reduction of ectopically 
expressed GluR1 
receptor currentsd

RIAD-Arg
11

T cells PKA Type I, Ezrin Reduction of Lck 
phosphorylation (acti-
vation of cAMP inhib-
ited T cell signalling)e

RIAD-Arg
11

Mouse Y1 
adrenocortical cells

PKA Type I, PBR Reduction of progesterone 
productione

superAKAP-IS Hippocampal neurons PKA, AKAP150, GluR1 
receptor subunits 
of AMPA channel, 
PP2B

Reduction of 
AMPA-receptor 
currentsf

AKAP15-LZ Mouse skeletal mus-
cle cells (MM14, 
DZ1A)

AKAP18α, PKA, L-
type Ca2+ channel 
(Ca

V
1.1)

Reduction of 
voltage-dependent 
potentiation of Ca2+

channelsg

Arg9-11-PLN Rat neonatal and adult 
cardiac myocytes

PKA, AKAP18δ, PLN, 
SERCA2

Reduction of Ca2+ re-
uptake into the SRh

Listed are the peptides utilized (peptide disruptors), components comprising the macromolecular 
complexes targeted by the peptides and the cell types in which the peptides elicited the indicated 
functional consequences. The peptides Ht31, S-Ht31, AKAP18δ-wt, AKAP18δ-L304T, AKAP18δ-
L314E, RIAD-Arg

11
 and SuperAKAP-IS disrupt AKAP-PKA interactions. The peptides 

AKAP15-LZ and Arg9-11-PLN disrupt AKAP18α-L type Ca2+ channel and AKAP18δ-PLN
interactions, respectively. ?, unidentified AKAP; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid; PAP7, PBR-associated protein; PBR, peripheral-type benzodiazepine recep-
tor; PLN, phospholamban; PP2B, protein phosphatase 2B/calcineurin A1; SERCA2, sarcoplasmic 
reticulum Ca2+-ATPase 2; SR, sarcoplasmic reticulum
a Newhall et al. (2006)
b Klussmann et al. (1999), Henn et al. (2004)
c Hundsrucker et al. (2006)
d Alto et al. (2003)
e Carlson et al. (2006)
f Gold et al. (2006)
g Hulme et al. (2002)
h Lygren et al. (2007)
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long-term potentiation (LTP) requires presynaptically anchored PKA if the neurons 
are stimulated by a theta-burst and postsynaptically anchored PKA if multiple high-
frequency trains are used for stimulation. In addition, the data show that a pool of 
anchored PKA in CA3 neurons is required for spatial memory storage.

A role of compartmentalized cAMP signalling in memory formation of 
Drosophila was revealed by utilizing a peptide (eCOPR2) mimicking the AKAP-
binding domain in the N terminus of Drosophila RII subunits (Schwaerzel et al. 
2007). The peptide blocks interactions of RII subunits with AKAPs. It was 
expressed ubiquitously throughout Drosophila or in defined parts of the Drosophila 
nervous system. With this system, AKAP-bound pools of PKA were detected in 
distinct regions of the nervous system, and AKAP-dependent functions during 
aversive memory formation were elucidated.

3  Direct AKAP-Mediated Protein–Protein Interactions 
in Compartmentalized cAMP Signalling 
as Potential Drug Targets

The various approaches to elucidate AKAP functions described above have revealed 
a variety of cellular processes involving compartmentalised signal processing. A 
prime example showing the dependence of a biological process on AKAP-controlled 
compartmentalized cAMP signalling and the potential of direct AKAP-mediated 
protein–protein interactions as drug targets is the β-adrenoceptor-mediated increase 
in cardiac myocyte contractility. Activation of β-adrenoceptors causes a raise of 
cAMP and activation of PKA in microdomains at T-tubules, regions where the plasma 
membrane and the membrane of the sacroplasmatic reticulum (SR) are in close prox-
imity (Zaccolo and Pozzan 2002). PDE4D isoforms, located at T-tubules, modulate 
the amplitude and duration of the cAMP response (Mongillo et al. 2004). At the 
T-tubules, PKA phosphorylates L-type Ca2+ channels and RyR

2
, leading to an 

increased Ca2+ concentration in the cytosol, and thereby to an increase in contractility. 
PKA also phosphorylates PLN, a small protein regulating sarcoplasmic reticulum 
Ca2+ ATPase (SERCA), which pumps Ca2+ from the cytosol into the SR. PKA phos-
phorylation of PLN induces its dissociation from SERCA and thereby SERCA activa-
tion. Thus through PKA phosphorylation of PLN, the velocity of Ca2+ reuptake into 
the SR increases. A prerequisite for the phosphorylations is the tethering of PKA to 
the substrates by AKAPs. AKAP18α anchors PKA to L-type Ca2+ channels (Hulme 
et al. 2003), mAKAP tethers it to RyR

2
 (Kapiloff et al. 1999) and AKAP18δ to PLN 

(Lygren et al. 2007). Moreover, AKAP79 is involved in β-adrenoceptor switching 
from the G protein G

s
 to G

i
, and AKAP250 plays a role in receptor desensitization 

(Malbon et al. 2004a, b; Lynch et al. 2005). The AKAP yotiao tethers PKA to K+

channels (KCNQ1). β-adrenoceptor activation induces phosphorylation of the chan-
nel by yotiao-bound PKA, which contributes to repolarisation of the cardiac myocyte 
plasmalemma and thus relaxation (Marx et al. 2002).



496 C. Hundsrucker, E. Klussmann

When cardiac myocytes are to be protected from stimulation by adrenergic ago-
nists, such as for the treatment of hypertension or coronary heart disease, 
β-adrenoceptor antagonists (β-blockers) are administered for preventing increases of 
contractility (Bristow 1993; Ungerer et al. 1994; Towbin and Bowles 2002); β-block-
ers prevent β-adrenoceptor-mediated increases of L-type Ca2+ channel currents in 
cardiac myocytes. This effect is mimicked by non-selective disruption of AKAP-
PKA interactions with Ht31 and AKAP18δ-derived PKA-anchoring disruptor pep-
tides (Hulme et al. 2003; Hundsrucker et al. 2006) and selective  disruption of the 
interaction of AKAP18α and L-type Ca2+ channels with AKAP18α-derived peptides 
(peptide AKAP15-LZ; Table 1). Selective disruption of the interaction of AKAP18δ
and PLN with PLN-derived peptides (Arg9-11-PLN) slows Ca2+ reuptake into the SR 
(see above; Lygren et al. 2007). The data suggest that, similar to β-blockers, all of the 
disruptor peptides reduce cardiac myocyte contractility. Unexpectedly, however, Ht31 
peptides increased contractility of cultured cardiac myocytes (Fink et al. 2001). This 
apparent discrepancy with the data discussed above may be explained by the different 
experimental readouts. While L-type Ca2+ channel current measurements reproduce 
local events at the plasma membrane, determination of contractility reproduces meas-
urements of whole cell responses and shows the final outcome of a manipulation such 
as global uncoupling of PKA from AKAPs. Experiments on isolated hearts and even-
tually in animals need to validate cardiac AKAPs as drug targets.

Another process depending on compartmentalization of cAMP signalling is the 
AVP-induced water reabsorption in renal collecting duct principal cells. On the 
molecular level, AVP activates vasopressin V

2
 receptors and, via elevation of cAMP, 

PKA. PKA phosphorylates aquaporin-2 (AQP2). In resting cells, AQP2 resides on 
intracellular vesicles distributed throughout the cytoplasm. The phosphorylation 
triggers the redistribution of AQP2 to the plasma membrane, increasing the osmotic 
water permeability of the cells. Defects in the AVP-induced AQP2 redistribution 
cause nephrogenic diabetes insipidus (NDI), a disease characterized by a chronic 
loss of water (Klussmann et al. 2000; King et al. 2004; Valenti et al. 2005). 
Paradoxically, the patients are treated with thiazide diuretics, inhibiting Na+ reab-
sorption in the distal tubule of the nephron. Drugs acting specifically on the affected 
principal cells, which for example would promote the AQP2 redistribution to the 
plasma membrane and thereby enhance water reabsorption, are not available. 
However, recent work points to novel strategies for targeting the AQP2 redistribution. 
In primary cultured rat inner medullary collecting duct (IMCD) cells, a model system 
for AVP-mediated water reabsorption, a decrease of local cAMP hydrolysis at 
AQP2-bearing vesicles through inhibition of vesicular PDE4 by rolipram and 
concomitant elevation of cAMP through direct activation of adenylyl cyclase with 
forskolin increases AQP2 in the plasma membrane and enhances water reabsorption 
(Stefan et al. 2007). PDE4D is tethered to AQP2-bearing vesicles by direct interaction
with AKAP18δ (Stefan et al. 2007). Displacement of PDE4D from AQP2-bearing 
vesicles by disruption of the PDE4D interaction with AKAP18δ and concomitant 
elevation of the cAMP level may have a similar effect. Such approaches may lead to 
a novel strategy for the treatment of patients suffering from X-linked NDI, where the 
V2 receptor is defective, but the AQP2 redistribution is functional.
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Chronic heart failure is associated with elevated AVP levels and consequent 
upregulation of AQP2 protein expression and water retention. Thus the first line 
of therapeutics includes diuretics (Schrier and Cadnapaphornchai 2003; Chen and 
Schrier, 2006). Clinical trials with vaptans, vasopressin V

2
 receptor blockers, 

indicate that blocking the AVP-induced water reabsorption effectively improves 
the quality of life of the patients. Long-term studies with these new drugs will have 
to confirm that they act with fewer side effects than diuretics. Uncoupling of PKA 
from AKAPs with the PKA-anchoring disruptor peptide Ht31 or AKAP18δ-
derived peptides (or inhibition of PKA) prevents the AVP-induced AQP2 redistri-
bution in IMCD cells (Klussmann et al. 1999; Szaszak et al. 2007). Thus, 
pharmacological interference with AKAP-PKA interactions preventing the AVP-
induced redistribution of AQP2 appears to be another alternative to conventional 
treatment (Klussmann et al. 1999; Stefan et al. 2007). In particular, the interaction 
of AKAP18δ with PKA appears relevant as AKAP18δ is one of the AKAPs tether-
ing PKA in close proximity to AQP2 on intracellular vesicles. It is most likely 
involved in facilitating PKA phosphorylation of AQP2 (Henn et al. 2004; Stefan 
et al. 2007).

4  The Potential of Small Molecules for Pharmacological 
Interference with Direct AKAP-Mediated 
Protein–Protein Interaction

Peptides need to be administered parenterally, posses a short half-life and may 
evoke immune responses. Thus their therapeutic applications are limited. Peptides 
nevertheless may serve as the starting point for the generation of peptoids and 
peptidomimetics that eventually may become effective agents overcoming the limits 
of peptides. Recently developed peptide-to-peptoid transformation procedures may 
pave the way to reach this goal (Toogood 2002; Yin and Hamilton 2005; Hoffmann 
et al. 2006). Here linear peptides are transformed into peptomers and finally into 
peptoid analogs. A substitution analysis in which each amino acid of the peptide is 
exchanged by a set of different peptoid building blocks results in a peptidomimetic 
array. This approach permits the transformation of peptide lead structures into 
non-peptidic compounds.

Small molecules can be orally applied and have longer half-lives than pep-
tides. Several examples show that small molecule development for the disruption 
of protein–protein interactions is feasible (Arkin and Wells 2004). The small 
molecule wiskostatin, for example, targets an intramolecular interaction in a 
manner that stabilizes neural-Wiskott-Aldrich syndrome protein (N-WASP) in 
its native autoinhibited conformation and thereby prevents its activation by the 
small GTPase cdc42 (Deacon and Peterson, this volume) (Peterson et al. 2004). 
An example for a disease-relevant protein–protein interaction is the direct bind-
ing of p53 to human double minute 2 (HDM2). p53 is a transcription factor act-
ing as a tumour suppressor. It is mutated or deleted in 50% of human cancers. 
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Its overexpression induces cell cycle arrest or apoptosis. In normal cells p53 
expression is low because HDM2 (ubiquitin ligase) ubiquitinates it and thereby 
directs it to proteasomal degradation. Disruption of the p53-HDM2 interaction 
with a hexapeptide derived from the binding site for HDM2 in p53 or with sev-
eral small molecules, such as nutilins (or inhibition of HDM2 activity), stabi-
lizes p53. Nutilin-3 blocks anchorage-independent growth of mammary epithelial 
cells transformed by cyclin D1/cyclin-dependent kinase (CDK) overexpression 
(Yin and Hamilton 2005; Dudkina and Lindsley 2007; Kan et al. 2007). Thus, 
drugs developed on the basis of such disruptors potentially have anti-cancer 
activity. Another small molecule with potential anti-cancer activity is a molecule 
disrupting the interaction of the small GTPase Rac1 with the Rac1-specific 
GEFs Trio and Tiam1. In human prostate cancer PC-3 cells, the molecule inhib-
its the proliferation, anchorage-independent growth and invasion phenotypes 
that require endogenous Rac1 activity (Gao et al. 2004).

5 Summary and Conclusion

Knockout mouse models, knockdown approaches with RNA
i
 and peptide-based dis-

ruption of direct AKAP-mediated protein–protein interactions in both cell and ani-
mal models have revealed crucial roles of AKAPs in compartmentalized cellular 
signalling in a variety of disease-relevant processes. Presently, AKAPs are not tar-
gets for drugs. However, based on the data obtained with peptides disrupting direct 
AKAP-mediated protein–protein interactions, the development of agents targeting 
such interactions for therapeutic purposes appears feasible (e.g. cardiovascular and 
renal diseases). Candidate agents include improved, stabilized peptides, peptidomi-
metica and small molecules. Such agents, interfering with signal transduction proc-
esses in defined cellular compartments by modulating selectively direct 
AKAP-mediated protein–protein interactions, may have fewer side effects than 
conventional drugs. Displacing selected proteins from complexes assembled by 
scaffolding proteins is likely to cause subtle local changes in signal processing that 
do not affect whole cell functions. Such agents are also likely to act more specifi-
cally than RNA

i
, which downregulates protein expression and thereby interferes 

with all interactions of a protein. The new approach may lead to alternative strate-
gies for the treatment of diseases associated with altered cAMP signalling that are 
not addressed by conventional pharmacotherapy. For a rational search of agents 
specifically interfering with the function of a given AKAP by modulating its interac-
tions, it is necessary to solve the 3D structures of all relevant AKAPs. On the basis 
of structural differences between interacting domains, selective AKAP modulators 
can be developed.
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Domains Mediate Protein–Protein Interactions 
and Nucleate Protein Assemblies

S. Costa and G. Cesareni(*ü )

Abstract Cell physiology is governed by an intricate mesh of physical and functional
links among proteins, nucleic acids and other metabolites. The recent information 
flood coming from large-scale genomic and proteomic approaches allows us to 
foresee the possibility of compiling an exhaustive list of the molecules present 
within a cell, enriched with quantitative information on concentration and cellular 
localization. Moreover, several high-throughput experimental and computational 
techniques have been devised to map all the protein interactions occurring in a 
living cell. So far, such maps have been drawn as graphs where nodes represent 
proteins and edges represent interactions. However, this representation does not 
take into account the intrinsically modular nature of proteins and thus fails in 
providing an effective description of the determinants of binding. Since proteins 
are composed of domains that often confer on proteins their binding capabilities, 
a more informative description of the interaction network would detail, for each 
pair of interacting proteins in the network, which domains mediate the binding. 
Understanding how protein domains combine to mediate protein interactions would 
allow one to add important features to the protein interaction network, making it 
possible to discriminate between simultaneously occurring and mutually exclusive 
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interactions. This objective can be achieved by experimentally characterizing 
domain recognition specificity or by analyzing the frequency of co-occurring 
domains in proteins that do interact. Such approaches allow gaining insights on the 
topology of complexes with unknown three-dimensional structure, thus opening 
the prospect of adopting a more rational strategy in developing drugs designed to 
selectively target specific protein interactions.

1 Networks of Protein–Protein Interactions

The completion of the sequencing of the genome of numerous organisms has 
helped realizing that the observed increase in genome complexity is inadequate to 
satisfactorily explain the greater morphological, physiological and behavioral 
complexity of higher organisms. An increase in the intricacy of the network that 
controls the expression of gene products and their interactions has been invoked as 
a further level of complexity that might explain the differences observed at the 
organismal level.

Thus, compiling an exhaustive list of the genes and the proteins they encode is 
merely the first step towards a full understanding of cell functioning. In the great 
majority of biological processes, from signal transduction to immune response, 
from uptake and metabolism of nutrients to cell movement, from cytoskeleton 
organization to regulation of gene transcription and translation, proteins and protein 
complexes play a key role. In carrying out their functions, proteins form either 
stable or transient interactions, assembling macromolecular complexes that are 
often essential to fulfill their biological role. Mapping all the interactions among 
proteins in a cell would represent a fundamental starting point to explore the mech-
anisms regulating living systems behavior. The network comprising all possible 
physical protein–protein interactions naturally occurring within a cell is called an 
“interactome.” The interactome constitutes a scaffold to which other genomic scale 
data may be attached to further elucidate cell physiology. The interactome plays a 
major role in stimulating the growth of a new branch of biology, called systems 
biology. Systems biology aims at gaining insights into the dynamics governing the 
behavior of complex biological systems, viewed as the result of the coordinated 
action of many elementary components connected to each other, eventually building 
an abstract model of the system capable of predicting the system’s response to any 
variation of input: internal parameters and environmental conditions. The availability of 
a map of all physical connections among proteins in the cell is mandatory to develop 
useful, biologically relevant mathematical models of cellular processes. However, the 
information provided by standard experimental techniques for detecting protein–protein 
interactions may not be enough for the level of detail required by modeling. For 
instance, interaction data often contain no indication of the post-translational modifications 
(PTM) that protein partners may have undergone, and it is not clear whether such 
modifications favor or hinder the interaction. Moreover, quantitative information on 
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interaction affinity and kinetic parameters, crucial for describing the dynamic of 
assembly and disassembly processes, is only very rarely available. Finally, while the
genome is essentially static and does not change during the life of an individual, 
the proteome and, consequently, the interactome are far more dynamic, varying 
their composition according to the cell cycle and environmental conditions. In other 
words, interaction detection techniques can only take a snapshot of the possibly 
occurring interactions in a particular moment of the life of a specific type of cell: 
by no means do they provide an exhaustive description of the temporal and spatial 
evolution of the interactome. Another severe limitation of current high-throughput 
approaches is that they are generally unsuited to provide information on the pro-
tein regions involved in binding. Elucidating the molecular details of how proteins 
interact would allow us to pursue ambitious goals, such as modeling competitive 
binding or designing in a rational way synthetic molecules targeted at inhibiting 
specific interactions.

Although atomic level details on protein interactions will only come from crys-
tallographic studies of the 3D structures of multi-protein complexes (Aloy and 
Russell 2006), valuable insights into the mechanisms underlying the formation and 
functioning of protein networks can be achieved by considering the intrinsic modular 
nature of proteins. It is the domain composition of a protein that determines both 
the functions it can perform and its binding ability to form complexes with partner 
proteins. We will advocate in this review a paradigm shift from a protein-centric to 
a domain-centric view of protein interaction networks. This would represent a finer 
resolution description of the dynamic protein mesh in a cell, and it would favor a 
deeper understanding of the logic underneath the wiring of protein networks.

2 Proteins Can Be Decomposed in Functional Modules

Although protein interaction graphs represent proteins as nodes, mathematical 
abstractions devoid of any structural detail, viewing a protein as a monolithic unit 
designed to perform a single, specific biological function is a too simplistic description
of reality. In fact, many proteins can be thought of as the assembly of smaller build-
ing blocks, termed “domains”, and therefore show an intrinsic modular nature. 
Figure 1 shows an example of a protein composed of three clearly distinguishable 
domains. Although no universally agreed definition of domain exists, protein 
domains are usually identified and classified according to structural, functional and 
evolutionary criteria. A domain can thus be described as a compact, autonomously 
folding structural unit that is conserved across evolution and is capable of performing
a function, independently of the context of the protein it belongs to. Proteins can be 
composed of one (single-domain proteins) or more (multi-domain proteins) 
domains. Genome-wide structural assignments of domains have shown that domain 
composition complexity increases in proteins of higher order organisms: about two 
thirds of prokaryotic proteins are multi-domain, compared to 80% of eukaryotic 
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proteins (Liu and Rost 2004). The variety we observe in the proteomes of living 
organisms was likely generated from a limited set of ancestral domains with differ-
ent functions. Then, the evolution of protein repertoires may have been driven 
primarily by three forces: (1) duplication of gene sequences coding for one or more 
domains; (2) sequence differentiation by mutation and genetic drift, eventually 
resulting in the acquisition of new functions; (3) gene recombination, which 
promotes rearrangements in the sequential order of domains (Chothia et al. 2003, 
Bornberg-Bauer 2005). This interpretation leaves us with a question: how did novel 
polypeptide domains arise in the beginning? Recently, the observation of species-
specific exons in the genomes of closely related species has suggested that the 
“exonization” of species-specific intron sequences may play an important role in 
the genesis of domains. Furthermore, insertions and deletions occurring in already 
existing protein-coding sequences or modifications to the length of sequence 
repeats may contribute to the process of acquiring new structural features of 
increased complexity in proteins, ultimately resulting in the creation of new 
polypeptide domains (Schmidt and Davies 2007).

SH3SH3 SH2 TyrKcSH3 SH2 TyrKc

Fig. 1 Structure of the human Src kinase (UniProt AC: P12931). It is easy to notice that the 
protein is composed of three structurally distinct and loosely associated domains: SH3, SH2 and 
tyrosine kinase. In the lower part of the picture, a schematic representation of the protein high-
lighting its domain composition is depicted
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3 Domain Identification Methods

A domain maintains the overall structural characteristics of the whole protein 
(compactness, hydrophobic core, autonomous folding) and, in most cases, performs 
its function even after being removed from the context of the protein. Decomposing 
proteins into simpler, modular building blocks helps realizing that proteins are the 
result of the combinatorial rearrangement of domains, and it shifts the focus of 
structural and functional analysis from proteins to domains. Therefore, the non-
ambiguous identification of biologically relevant domains is a key issue for a 
proteomics strategy fully aware of the intrinsic modular nature of proteins.

When the three-dimensional structure of a protein is available, domains can be 
moderately easily spotted by eye. Manual inspection, however, is affected by two 
major drawbacks: (1) experts do not always fully agree on domain definitions, 
even after careful cross-inspection, and domain boundaries may remain con-
cealed with the mist of subjectivity; (2) human processing of structures has 
become quickly unpractical, as the amount of data from crystallographic studies 
has been growing at a considerable pace for years. However, automatic methods 
produce uniform and reproducible definitions and can deal with the increasing 
volume of available data without much difficulty. Some objective criteria are 
required to be able to split proteins into substructures in an automated fashion. 
The most widely used criterion is compactness: from the definition of domains as 
small, compact structural units, it follows that residue-residue contacts within a 
domain should be more numerous than the contacts with the rest of the protein. 
Since compactness is not enough for reliable domain assignment, other criteria are 
evaluated, such as integrity of secondary structures, domain size and domain 
fragmentation.

As is common when we consider trusting computational and automatic 
approaches, doubts arise about the performance and accuracy of such methods. 
A thorough comparison of four domain assignment algorithms was performed by 
Veretnik et al. (2004) and Holland et al. (2006). The authors came to the conclusion 
that each method has its own strengths and weaknesses, and they partially comple-
ment each other. None of them is able to match the performance of expert-based 
methods, although good results can still be achieved in many cases, and significant 
improvements may come from a meta-method merging multiple methods, 
summing the benefits and hopefully limiting the defects of each method considered 
separately. Finally, the very concept of domain may require some degree of 
flexibility to best accommodate the needs of the context we are in: if we focus on 
evolution, what we will care about is the part of the domain that is conserved 
across different proteins and species; if we are more interested in structural features,
we will define a domain simply as a compact folding subunit; from a functional 
point of view, we may regard as domain only the part of the protein involved in 
performing the function (e.g., for interaction domains, binding). Each definition is 
correct in its particular context, though they may not always provide coincident 
domain boundaries.
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4 Domains Can Be Organized Hierarchically in Families

The domain space is not flat: rather, it can be organized in a hierarchical fashion by 
grouping together similar domains in the same family. Several classification strategies,
relying on sequence, structure and functional evidence, have been proposed to 
accomplish this task. In general, structure-based approaches are more robust and 
comprehensive: due to the higher conservation of structure compared to sequence 
information, even distant relationships between domains can be detected. On the one 
hand, the application of such methods is limited to proteins whose three-dimensional
structure has been solved or proteins whose spatial conformation can be related to 
some known structure through homology. On the other hand, thanks to the deluge 
of sequencing data, sequence-based approaches can easily operate on a proteome-wide
scale, but hard-to-find relationships are sometimes missed and require additional 
information to be spotted.

Over the past 10–15 years, several databases have emerged with the purpose of 
storing classifications of domain families. Two of the most widely used ones are 
structural classification of proteins (SCOP) (Andreeva et al. 2004) and class archi-
tecture topology homology (CATH) (Pearl et al. 2003). The classification schemes 
of SCOP and CATH are both based on protein structures and aim at grouping together 
proteins sharing a common ancestor. The classification unit is the domain. Domains 
are defined with the aid of automatic tools, whose output is manually checked by 
visual inspection before being entered in the database. The SCOP classification is 
structured into four hierarchical levels:

– FAMILY: proteins with sequence identity greater than or equal to 30% and 
proteins with sequence identity lower than 30%, but whose function and structure 
similarity confirms a common evolutionary origin are clustered together in the 
same family.

– SUPERFAMILY: proteins with low sequence identity, but whose likely common 
evolutionary origin is suggested by structure and functional evidence belong to 
the same superfamily.

– FOLD: superfamilies and families are grouped together in a common fold if the 
major secondary structures present in their member proteins are arranged in the 
same order and form identical topological connections.

– CLASS: different folds have been grouped into five classes according to the type 
of secondary structure composition: all alpha (alpha helices only), all beta (beta 
sheets only), alpha and beta (alpha helices and beta strands are highly inter-
spersed), alpha plus beta (alpha helices and beta strands are mostly segregated) 
and multi-domain (proteins with domains of a different fold).

The CATH classification is similar to the SCOP.
Another database of protein domain families that has gained large consensus in 

the scientific community is Pfam (Protein FAMilies) (Sonnhammer et al. 1997). 
Unlike SCOP and CATH, the Pfam classification of domain families is based solely 
on sequence data and relies on the construction of accurate Hidden Markov Models 
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from multiple sequence alignments. First, a non-redundant set of proteins known to 
be representative of a certain family is collected from various data sources 
(Swissprot, Prosite, published alignments, etc.), and a seed alignment is built. The 
quality of the alignment is manually checked to verify that all important features 
(key residues, active sites, etc.) are present. Then, an HMM profile is built from the 
alignment and is compared with all sequences in sequence databases (e.g., 
Swissprot) to find all family members: by aligning all family members to the 
HMM, a full alignment is obtained. Finally, both seed and full alignments must 
pass strict quality controls before being annotated and stored in the database. Being 
focused primarily on sequence homology, Pfam’s methodology operates at the 
family or superfamily level, where sequence similarity can still be successfully 
employed to detect clear evolutionary relationships among proteins. Recently (Finn 
et al. 2006), Pfam has introduced the concept of clans, with the purpose of grouping 
together families sharing a common evolutionary origin. Clans are mainly defined 
on the basis of structural similarity and profile–profile comparisons. Although a 
one-to-one correspondence cannot always be traced, there is substantial overlap 
between Pfam families and SCOP families, and also between Pfam clans and SCOP 
superfamilies (Elofsson and Sonnhammer 1999; Finn et al. 2006). Pfam clans have 
the advantage of comprising also families of unknown three-dimensional structure, 
while SCOP superfamilies are in some cases more comprehensive, due to the larger 
informative content of structure with respect to sequence data.

In 2000, some of the major groups working on characterizing protein families 
joined their efforts and skills, giving birth to the InterPro consortium (Apweiler 
et al. 2000), a documentation resource aiming at integrating the different and, to 
some extent, complementary methodologies employed by the founder groups 
to derive accurate and comprehensive protein signatures. Up to now (Mulder et al. 
2007), ten databases have become members of the consortium: PROSITE (Hulo 
et al. 2006), PRINTS (Attwood 2002), ProDom (Servant et al. 2002), Pfam 
(Finn et al. 2006), SMART (Letunic et al. 2006), TIGRFAMs (Haft et al. 2003), 
PIRSF (Wu et al. 2004), SUPERFAMILY (Gough et al. 2001), Gene3D (Buchan 
et al. 2003) and PANTHER (Thomas et al. 2003). Furthermore, InterPro cross-
references to SCOP, CATH and ModBase (Pieper et al. 2006). The integration of 
multiple data sources allows InterPro to reach extensive coverage of the proteins 
reported in UniProt (Wu et al. 2006): release 15.1 of InterPro covers 92.5% of the 
SwissProt part of UniProt. This figure decreases a little considering also TrEMBL 
records (76.9%). Table 1 reports some statistics about the number of different 
protein families stored in SCOP, CATH, Pfam and InterPro.

Uncovering sequence and structure similarities among protein domain families 
is no void, purely intellectual effort: structural genomics studies may consider 
giving greater priority to solving the structures of protein domains that belong to 
highly populated families and superfamilies. In fact, since putative structures can 
be assigned by homology mapping to members of the same family for which no 
structural information is available yet, solving a single structure in a family with 
hundreds of members may shed some light over the structural features of a high 
number of protein domains.
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5  Domain Interactions Mediate the Formation 
of Macromolecular Complexes

Interactions between domains can be divided in two main classes: intra-chain 
interactions, occurring only in multi-domain polypeptide chains, and inter-chain inter-
actions, involving domains that reside in different polypeptide chains, as is the case 
for multi-subunit proteins or, more generically, for protein complexes. Since 
many protein–protein interactions are mediated by one or more inter-chain domain 
interactions, understanding how domain interfaces are formed and detailing their 
properties at the atomic level may shed some light on the inner workings of 
 protein–protein interaction networks.

Inter-chain interactions show differences in their nature and, consequently, in 
their behavior: as we know, proteins spontaneously aggregate to form macromolecular
complexes, either stably or transiently. Stable multi-protein complexes act as 
molecular machines that coordinate their action to carry out almost any biological 
process occurring in the cell. snRNP particles, responsible for directing splicing 
events in eukaryotes, the proteasome and nuclear pores, are good examples of 
molecular machines. Besides forming obligate complexes, the molecular components
of which cannot exist separately (e.g., hemoglobin), proteins may associate to 
assemble transient complexes. Since the action of transient complexes is generally 
more confined in terms of space and time, the affinity of the bonds holding them 
together must be modulated so as to allow rapid assembly and disruption of the 
complex. Such capability to quickly re-model a protein complex is especially 
important in signaling pathways, where interaction events activate and direct the 
cell response to the possibly abrupt occurrence of external stimuli and swift 
changes in environmental conditions.

Permanent and non-obligate interfaces differ in size and polarity: permanent 
interfaces are usually large and hydrophobic, while non-obligate ones are smaller 
and more polar. Remarkably, intra-chain interfaces have physical and chemical 
properties that closely resemble those of inter-chain interfaces, usually intermediate 

Table 1 The table shows the content of four of the major databases storing protein family definitions

SCOP 1.71 CATH 3.1.0 Pfam 21.0 InterPro 15.1

Folds 971 1,084 – –
Superfamilies 1,589 2,091 264 (clans) –
Families 3,004 7,794 8,957 14,671

A “fold” groups proteins whose major secondary structures are arranged in the same order and 
form identical topological connections. A “superfamily” groups proteins with a clear common
evolutionary origin. A “family” groups proteins sharing a good level of sequence identity. Care 
should be taken comparing SCOP and CATH superfamily and family statistics to those regarding 
Pfam and InterPro, because the classification schemes adopted by the databases are quite different. 
Pfam only recently introduced clans, which are somewhat similar to SCOP’s superfamilies, and 
InterPro organizes its entries hierarchically in the superfamily/family/subfamily levels by defining 
parent/child relationships among them
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between permanent and non-obligate interfaces (Park et al. 2001): this suggests that 
interactions within and between monomers are governed by the same underlying 
principles and, theoretically, no substantial difference should exist between an 
intra-chain domain interaction and an interaction between a pair of identical 
domains residing in different polypeptide chains. The phenomenon of domain 
swapping (one of the two domains forming an intra-chain interface is substituted 
by an identical domain belonging to another polypeptide chain) (Bennett et al. 
1995), which is known to occur in the formation of some oligomeric proteins, is an 
example of such interchangeability among identical domains, regardless of the 
polypeptide chain they belong to. In fact, for domain swapping to occur, within 
monomer and between monomer interfaces must present similar interaction sites 
and must share similar characteristics (Jones et al. 2000).

6  Interaction Modules and Their Importance 
in Signaling Pathways

As we have seen in the previous paragraph, proteins associate to form either stable 
or transient multi-protein complexes. The assembly of stable macromolecular 
complexes often requires high-affinity interactions, involving large portions of the 
protein surfaces in the formation of the contact area. Such high-energy bonds are 
not easily disrupted and are thus well suited to confer stability on molecular 
machines, such as the centrosome, the proteasome and others (Brooijmans et al. 
2002). However, when flexibility and responsiveness are needed, e.g., in signaling 
pathways, such great stability would be a limitation. In fact, in highly dynamic 
contexts protein–protein interactions frequently involve a modular protein domain 
binding to a short amino acid sequence, termed a “motif” (Pawson et al. 2002).

A motif is a sequence of 3–12 amino acids that acts as a recognition element for a 
modular protein domain that binds to it. Since these motifs are thought to be unstruc-
tured in their unbound form, they are often referred to as “linear” motifs: nonetheless, 
they may acquire a well-defined three-dimensional structure upon binding (for example, 
the proline-rich motifs recognized by SH3 domains adopt a left-handed poly-proline 
II helix conformation). Short linear motifs often lie within disordered regions of the 
protein; for example, they may reside in exposed flexible loops.

Binding motifs are recognized by a set of conserved protein interaction modules 
playing a major role in many biological processes: as an example, SH3, SH2, WW, 
EVH1 and PDZ domains are involved in protein trafficking and degradation, cytoskel-
etal organization, cell-cycle progression, cell survival and regulation of gene expression; 
plus, they can mediate the assembly of multi-protein complexes (PDZ domain proteins 
often act as scaffolds). Graphical representations of these and other interaction 
modules are illustrated in Fig. 2, and their properties are summarized in Table 2.

Each family of interaction modules has a defined conserved structure forming 
one or more “recognition pockets” to which ligands bind. A small number of highly 
conserved amino acids have their side chains protruding outward in the recognition 
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Fig. 2 Three-dimensional structures of six protein interaction modules. (a) A 14-3-3 Zeta/Delta 
dimer in complex with phospho-peptides (PDB code: 1QJB). (b) EVH1 domain of Homer protein 
homolog 1 in complex with peptide TPPSPF derived from metabotropic glutamate receptor 5 (PDB 
code: 1DDV). (c) The third PDZ domain from the synaptic protein Psd-95 in complex with a C-
 terminal peptide derived from CRIPT (PDB code: 1BE9). (d) Src SH2 domain bound to doubly 
phosphorylated peptide PQpYEpYIPI (PDB code: 1NZL). (e) C-terminal Sem-5 SH3 domain bound 
to a proline-rich peptide from mSos (Ac-PPPVPPRRR) (PDB code: 1SEM). (f) Yap65 (L30K 
mutant) WW domain in complex with GTPPPPYTVG peptide (PDB code: 1JMQ)
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Table 2 The table summarizes the properties of six of the most relevant and well-studied 
interaction modules 

Domain Size Structure Target motifs Binding pocket Function

14-3-3 ~30 kDa 
pro-
teins

Nine anti-parallel 
helices
forming an 
L-shaped
structure

Phosphoth-
reonine or phos-
phoserine motifs 
consensus:
RSxpSxP

Four helices con-
taining hydro-
phobic residues 
form a concave 
amphipatic
groove

Regulation of 
many path-
ways (e.g., 
apoptosis,
cell cycle)

EVH1 ~110 
amino
acids

Compact parallel 
beta-
sandwich, 
closed along 
one edge by 
a long alpha-
helix

Proline-rich
peptides
consensus:
E/DFPPPPXD/E

Highly conserved 
cluster of three 
surface-exposed 
aromatic side-
chains

Scaffolding, 
signaling,
nuclear
transport and 
cytoskeletal 
organization

PDZ 80–90 
amino
acids

Six beta-strands 
and two alpha-
helices com-
pactly arranged 
in a globular 
structure

C-terminal motifs, 
several PDZ 
domains bind to 
phosphoinositide
PIP2

Elongated surface 
groove forms 
as an antiparal-
lel beta-strand, 
interacts with 
the betaB strand 
and the B helix

Scaffolding, 
localiza-
tion of 
proteins to 
the plasma 
membrane,
regulation of 
intracellular
signaling

SH2 ~100 
amino
acids

A central hydro-
phobic
anti-parallel
beta-sheet,
flanked by two 
short alpha-
helices form-
ing a compact 
flattened hemi-
sphere

Phosphotyrosine
motifs consen-
sus: p-YxxΨ

Ligand binds per-
pendicular to the 
beta-sheet and 
interacts with 
the loop between 
strands 2 and 
3 and a hydro-
phobic binding 
pocket that inter-
acts with a pY+3 
side chain

Regulation of 
intracellular
signaling
cascades
found in 
adaptor
proteins and 
non-recep-
tor tyrosine 
kinases

SH3 ~50 amino 
acids

Five or six 
beta-strands
arranged as 
two tightly 
packed anti-
parallel beta 
sheets

Proline-rich motifs 
consensus: PxxP

Flat, hydrophobic 
pocket consist-
ing of three 
shallow grooves 
defined by 
conservative aro-
matic residues, 
ligand adopts an 
extended left-
handed helical 
arrangement

Signaling,
cytoskeletal 
organization, 
assembly of 
macromo-
lecular com-
plexes found 
in adaptor 
proteins

(continued)
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pocket. These mediate recognition of a specific signature in the ligand molecule, a 
short “core” motif of a few amino acids whose side-chain chemical groups are 
complementary to those in the domain recognition pocket. Within a single domain 
family, the broad specificity encoded in the core motif is further refined by a few 
flanking residues. Thus, the residues surrounding the core motif in the target 
peptide contribute to defining which domains it will preferentially attach to and 
modulate the binding affinity. Domain-motif interactions involve a small portion of 
the proteins’ surface area and are characterized by relatively low affinities, ranging 
from 0.1 to 100 µM. This characteristic confers on domain-motif interactions a 
dynamic nature and explains their ubiquitous presence in signaling pathways 
(Bhattacharyya et al. 2006), where protein complexes associate and disassociate in 
response to any arbitrarily varying stimulus. Some interaction modules bind their 
ligands dependently of some type of covalent modification, the most common 
being phosphorylation: for instance, SH2 domains bind with high affinity phospho-
tyrosine-containing peptides, while 14-3-3 proteins prefer phospho-serine-contain-
ing motifs.

The widespread distribution of proteins containing interaction modules and the 
specificity of the interaction mechanism, closely resembling a key-lock model, has 
led scientists to postulate the existence of a “protein recognition code” analogous 
to the genetic code (Sudol 1998). Such a code would be composed of a set of rules 
that may be encoded by relatively simple regular expressions, determining how 
protein interactions mediated by interaction modules can occur. However, caution 
should be taken in following this analogy too strictly to avoid overlooking some 
relevant differences between the two. Perhaps the most noteworthy features of the 
genetic code are its universality and its absoluteness: a three-letter codon encodes 
a specific amino acid always and anywhere (or at least with very few exceptions), 
independently of the organism and the cellular context. Even though protein interaction
modules are present in a wide range of species, from unicellular to multi-cellular 
organisms, from plants to animals, their behavior is by no means universal or 

Table 2 (continued)

Domain Size Structure Target motifs Binding pocket Function

WW ~40 
amino
acids

Stable, triple 
stranded
beta-sheet

Phosphoserine-
phosphothreo-
nine motifs, 
proline-rich
motifs,
consensus:
PPxY

WW or WWP 
name takes 
after the resi-
dues responsi-
ble for binding: 
two tryptophan 
residues that 
are spaced 
20–23 amino 
acids apart and 
a conserved 
proline

Involved in 
a variety 
of signal 
transduc-
tion pro-
cesses

The descriptions are mainly taken from InterPro version 15.1 (Mulder et al., 2007). Y indicates a 
hydrophobic amino acid, x indicates any amino acid, and p- indicates phosphorylation
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context-independent. The in vivo binding of a potential ligand peptide is always 
conditioned to local concentrations, subcellular localizations and, in some cases, to 
the coordinated action of other interaction modules (e.g., adaptor proteins, Pawson 
2007). Furthermore, domains belonging to the same family frequently share a con-
siderable number of cognate ligands (Castagnoli et al. 2004), and a certain degree 
of overlap also exists between the target recognition rules of different families: this 
indicates that the protein recognition code presents a high level of degeneracy. This 
is known to be also an important feature of the genetic code (even if the level of 
redundancy in the genetic code is certainly lower) and may help confer robustness 
on the system by resisting the detrimental effect of mutations.

7 Methods to Detect the Specificity of Interaction Modules

In trying to unveil the rules governing the mechanisms of interaction between 
protein modules and peptides, one would like to explore the sequence space as 
exhaustively as possible, ideally testing the binding of all representatives of each 
domain family occurring in the proteome of a living cell to all possible amino acid 
sequences of reasonable length. However, this brute force strategy is not feasible 
due to the technical limitations of current techniques. Fortunately, the impossibility 
to reach perfect generality and completeness in searching potential ligands may be 
partially overcome by taking into account some a priori knowledge about the binding 
determinants for any given domain. Capitalizing on the characterization of a large 
number of target peptides and on the detailed structural information contained in 
high-resolution three-dimensional structures of interaction modules in complex 
with their ligand peptides, the sequence characteristics of binding peptides can be 
determined and confirmed by mutagenic analysis.

This information defines a biased sequence space where a few pre-determined 
positions contain specific amino acids, while the others are allowed to vary in a 
combinatorial fashion. Thus, the new search space is reduced in size and can be 
explored experimentally with currently available techniques. This approach may be 
concretized by constructing an “oriented peptide library,” a biased collection of 
peptides of degenerate sequence, but having fixed amino acids in the “orienting” 
positions (e.g., for SH2 domains, the phospho-tyrosine residue would be the orient-
ing amino acid, whereas for SH3 domains the two prolines in the PxxP motif) 
(Yaffe and Cantley 2000). The peptide mixture is then incubated with the domain 
of interest. Subsequent sequencing of the adsorbed peptides allows determining the 
positions showing enrichment for any particular amino acid. Although very power-
ful in theory, this approach has not been widely employed, mainly because of the 
technical expertise required to perform complicated peptide biochemistry (Santonico 
et al. 2005).

An alternative approach is based on phage display (Scott and Smith 1990): a 
library containing a large number (in the range of 109–1010) of short (10–15 amino 
acids) random peptides is displayed on bacteriophage capsids and is panned against 
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a domain used as bait. The peptides having affinity with the domain can be purified, 
and their sequence can be easily obtained by sequencing the DNA of the capsid 
gene. It is then possible to derive a consensus sequence by aligning a reasonable 
number of interacting peptides. Although this technique has been successfully 
employed to profile several families of interaction modules (Sparks et al. 1994; 
Rickles et al. 1994; Vaccaro et al. 2001; Cestra et al. 1999; Paoluzi et al. 1998; 
Romano et al. 1999; Dente et al. 1997; Freund et al. 2003), there are some limita-
tions to it: first, whereas it is fairly easy to identify which residues are highly con-
served among ligands, it is often problematic to uncover statistical correlations in 
less conserved positions; second, some peptides are actually able to bind to the 
domain, even if they do not perfectly match the consensus. When the derived con-
sensus is used to infer physiological partners in the proteome, these two problems 
inevitably give rise to the occurrence of false positives and false negatives.

A third approach, called SPOT synthesis (Frank 2002), successfully addresses 
the limitations of phage display. The technique is based on the chemical synthesis 
of a high number of peptides on a cellulose membrane or a glass slide in an array 
format: the binding of the domain to each spot is detected by a fluorescent probe, 
whose intensity is measured by a laser scanner. Since binding of each and every 
peptide in the collection is tested independently and is semi-quantitatively described 
by a figure correlating with the dissociation constant, we are able to tell readily 
which peptides bind and which do not, eliminating the inference step that repre-
sents the major drawback of the previously described techniques. However, the 
number of peptides that can be spotted together on a chip with current facilities is 
in the order of 104, limiting the applicability of this approach to a rather restricted 
search space.

Recently, the complementarity of the phage-display and the SPOT synthesis 
approaches has been exploited in the design of a two-step strategy, named WISE 
(Whole Interactome Scanning Experiment) (Landgraf et al. 2004), that aims at 
combining the strengths of the two methods into a single general purpose procedure 
(see Fig. 3). The first step involves the definition of a “strict” consensus sequence 
by panning a phage displayed peptide library against the selected domain. Then, a 
“relaxed” consensus is obtained with the aid of computational tools, and it is used 
to select a number of peptides between 5,000 and 10,000 from all the protein 
sequences in the proteome that match the consensus. Finally, the peptides are 
synthesized on a chip and are probed with the domain of interest. The selection step 
makes it possible to test all potential domain targets in a proteome.

Though the task of discovering new binding motifs cannot be satisfactorily 
addressed without the fundamental contribution of experimental approaches, it 
would be a mistake to underestimate the valuable support computational methods 
can provide. In fact, in silico predictions may be employed to drive wet lab experi-
ments by formulating rationally founded initial guesses, thus speeding up research 
(Yaffe 2006). As an example of this, Neduva et al. (2005) developed a smart algo-
rithm to detect linear motifs potentially mediating protein interactions. They start 
from the assumption that proteins sharing a common interaction partner must also 
share a feature mediating binding, either a domain or a linear motif: for this reason, 
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the analysis focuses on groups of proteins sharing a common interaction partner. 
Since linear motifs often lie in low complexity regions of the protein, all globular 
domains, coiled coils, trans-membrane regions, collagen regions and signal peptides 
are removed from the protein sequences in the set. If homologous segments are 
detected comparing the sequences with each other, only one representative per 
region is left, to avoid any bias. Next, all three to eight residue motifs present in 
the remaining sequence space are found and are scored by their level of over-
representation, measured as the binomial probability of observing the motif 
N times or more in a random set of similar sequences (where N is the number of 
times the motif occurs in the sequence set). Information from closely related spe-
cies is also taken into account by looking at conservation of the motifs in ortholo-
gous proteins and combined into a final likelihood score.

The algorithm was applied to genome-scale protein interaction datasets and 
produced tens of candidate linear motifs in yeast, fly, nematode and human. Three 
of the novel predictions were also confirmed experimentally via fluorescence 
anisotropy (Neduva et al. 2005).

Fig. 3 Overview of the WISE strategy
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8 Methods to Infer Domain–Domain Interactions

Unfortunately, no well-established experimental method is available to detect 
domain-domain interactions on a large scale. In principle, one could use common 
interaction detection techniques, e.g., yeast two hybrid, on collections of engineered 
constructs expressing only a portion of the full-length protein: if a smaller construct 
maintains the same ability to interact as the full-length protein, one may safely 
conclude that the region mediating the interaction lies within the domain(s) present 
in the fragment protein. This approach has been successfully employed by two 
different groups to explore the protein interaction network of two micro-organisms, 
P. falciparum (Lacount et al. 2005) and H. pylori (Rain et al. 2001), by two hybrid 
screenings of a library of protein fragments. However, generally speaking, deter-
mining the domains mediating a protein interaction is a time-consuming task.

This prompted the development of several computational methods to identify 
pairs of putative interacting domains. Although many different algorithms have 
been devised for this purpose, so far most of them rely on the same basic assumption:
if a pair of domains co-occurs in interacting protein pairs significantly more fre-
quently than in non-interacting ones, they are likely to interact (see Fig. 4). 
Based on this hypothesis, statistical methods may be employed to search domain 
pairs recurring in interacting protein pairs. Sprinzak and Margalit (2001) scored 
putative interacting domain pairs by computing the log-odds of the two domains 
co-occurring in interacting pairs to the co-occurrence expected on a random base. 
Ng et al. (2003) developed a scoring system aimed at integrating the information 
from protein–protein interactions, multi-protein complexes and domain fusion 
events. The results of their predictions were stored in an online database called 
InterDom (http://interdom.lit.org.sg). Nye et al. (2005) adopted a rigorous statistical 
approach and applied a sophisticated simulation technique to assign to each pair of 
domain superfamilies occurring in a generic protein interaction dataset a p-value 
reflecting the likelihood that they are able to interact. Deng et al. (2002) developed 
a Maximum Likelihood Estimation (MLE) and an Expectation Maximization (EM) 
algorithm to infer probabilities of the domain interactions underlying a set of protein 
interactions; in a more recent paper (Lee et al. 2006), they extended their method 
by integrating interaction probabilities with information from protein fusions and 
Gene Ontology (Ashburner et al. 2000) functions through a Bayesian approach. 
Riley et al. (2005) modified the first version of the algorithm by Deng et al. (2002) 
and improved it by introducing the E-score, a measure reflecting the importance of 
a specific domain–domain interaction to explain a set of protein–protein interactions.
Jothi et al. (2006) opted for a different approach, looking at the relative degree of 
co-evolution of domains in interacting protein pairs: they provided evidence that 
pairs of domains mediating the protein interaction are more likely to co-evolve with 
respect to non-interacting domain pairs.

Although some of the aforementioned methods show promising results, all of 
them are far from perfect. Since all methods invariantly require as input a protein 
interaction dataset, their performance is strictly dependent on the quality of the 
interaction data, which are often affected by high false-positive and false-negative 
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rates. Another major issue is validation: how can the reliability of predictions be 
assessed? Accurate estimation of the algorithm’s performance would recommend 
the comparison of the output predictions with a reference set of trusted positives 
and negatives. The definition of such a reference set is greatly impaired by the 
scarcity of known interacting and non-interacting domain pairs. It is common practice
to consider as true interacting domain pairs those that have been observed to inter-
act at least in one solved three-dimensional structure and as true non-interacting 
pairs those that never come into contact in known structures. Given the small 
number of non-redundant three-dimensional structures contained in the PDB 

Fig. 4 The figure shows the basic idea underlying algorithms to infer domain–domain interactions.
The algorithms need as input a protein interaction network along with information about the 
domain composition of the proteins present in the network. Given these data, it is possible to 
compute the co-occurrence frequency of domain pairs in interacting protein pairs as the ratio 
between the number of interacting protein pairs containing the domain pair of interest and the 
total number of protein pairs containing it. Also the domain frequency in the set of proteins 
appearing in the protein network can be calculated. Next, these frequencies can be combined to 
assign domain pairs an interaction probability. Panel (b) shows two different methods to rank 
domain pairs according to the likelihood that they interact: the fairly simple association score and 
the log-ratio score devised by Sprinzak and Margalit. The first method simply ranks domain pairs 
by their co-occurrence frequency in interacting protein pairs, whereas the second relates this 
value to the co-occurrence frequency that would be expected on a random base (P

i
 represents the 

frequency of domain i in the proteome). Several algorithms of various complexity levels have 
extended this basic procedure to improve the accuracy and reliability of the predicted domain–
domain interactions
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(Protein Data Bank, Berman et al. 2000), many true interacting domain pairs may 
not be represented at all in the positive set, whereas the number of non-interacting 
pairs in the negative set is likely to be overestimated. Accuracy of the reference set 
should also be questioned: in many cases it is hard to tell whether two residues 
come close because a biologically meaningful interaction between the two has 
occurred or merely due to crystal packing. For this reason, Shoemaker et al. (2006) 
have recently developed a strategy, based on structural criteria, to discriminate 
biologically relevant protein domain interactions from artifactual ones.

9 Domain Interactions as Potential Drug Targets

Protein–protein interactions preside over the physiological and pathological proc-
esses in living organisms. Therefore, the ability to intervene in a controlled manner 
in the protein interaction network, altering its wiring by specifically favoring cer-
tain interactions and blocking others, is crucial for molding the cell response into a 
desired phenotype. Examples of the efficacy of such strategy is witnessed by the 
modus operandi of some known pathogens, such as the Epstein–Barr virus (EBV) 
(Longnecker and Miller 1996) and the enteropathogen E. coli (Gruenheid et al. 
2001): specific viral and bacterial proteins possess recognition motifs that are able 
to recruit host proteins, thus reorganizing the wiring of the protein network to better 
fit the pathogen needs (Pawson et al. 2001). In these cases, the perturbation of the 
cellular interaction network leads to disease onset.

The outstanding importance of a tight regulation of protein interactions, governed 
by the underlying domain interactions, for proper cell functioning has led scientists 
to regard them as prominent targets for drug design. Research in this direction has 
been carried on the following two complementary approaches: (1) designing 
molecules to induce protein–protein interactions (dimerizers); (2) designing molecules
to inhibit protein–protein interactions (inhibitors).

Since many signaling pathways are initiated by a dimerization event, pathway 
activation may be stimulated artificially by small molecules endowed with 
anchors having affinity for the protein partners that are to be brought into proximity 
(Archakov et al. 2003). The anchors are separated by a linker region of variable 
length. To avoid undesirable side effects and increase dimerizer specificity, a 
mutant domain may be inserted in the construct expressing the wild-type target 
proteins so as to properly tune their affinity to the anchor part of the interfering 
molecule. Over the last decade, several dimerizers have been proposed and tested 
in the laboratory (Austin et al. 1994; Clemons 1999; Belshaw et al. 1996; 
Kopytek et al. 2000). Theoretically, dimerizers could be used in cancer therapy to 
induce apoptosis in abnormally proliferating cells (Amara et al. 1997; MacCorkle 
et al. 1998).

When the challenge of inhibiting the formation of a protein complex is faced, 
different strategies must be adopted depending on the type of protein contact surface 
we are dealing with. As we have seen in paragraph 0, the domain–domain interfaces 
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of permanent complexes have different physical and chemical characteristics than 
those of temporary complexes. Namely, the shaping of contact surfaces in permanent
oligomers involves the burial of large areas of the protein surface within the complex 
core, resulting in a tightly packed structure held together by strong non-covalent 
interactions. This process can be thought of as a continuation of protein folding 
(Archakov et al. 2003). The high-energy bonds involved in the interaction and the 
high level of complementarity between the domain surfaces make it difficult to 
design small molecules that would effectively block the formation of the macromo-
lecular complex by competitive binding. However, some degree of success has 
been reached thanks to a mechanism called “interfacial inhibition,” whose main 
idea is to trap macromolecules into dead-end complexes while they are undergoing 
conformational changes by letting artificial or natural compounds bind to “hot spots” that 
are present during folding transition states only. For instance, it has been shown 
that two natural inhibitors, brefeldin A (BFA) and camptothecin (CPT), have the 
power to freeze the targeted complexes (respectively, an Arf-GDP-Sec7 complex 
and a TOP1-DNA complex) in a permanently inactive conformation, preventing 
them from completing their biological function (Pommier and Cherfils 2005).

On the contrary, transient interactions nucleating the assembly of temporary 
protein complexes resemble receptor-ligand interactions. Many of these interactions
are mediated by protein interaction modules binding to short peptides exposed on 
the surface of the target proteins. The contact area between the recognition pocket 
of the interaction module and the target peptide is usually small, allowing for 
competitive disruption of the complex. Using site-directed mutagenesis, it has been 
possible to determine the amino acid residues important for binding, and thus 
peptides resembling the dimer interface have been designed. The binding ability of 
the construct can be subsequently optimized by combinatorial chemistry techniques 
in order to individuate the amino acid composition that would confer to the synthetic 
construct a binding affinity that is possibly higher than that of the physiological 
partner. Peptidomimetics and small organic molecules have also been tested as 
inhibitors with good success rates (Zutshi et al. 1998; Jiang et al. 2006; Arkin and 
Wells 2004; Turkson et al. 2004).

Due to their pervasiveness and fundamental role in biological processes, protein 
interactions certainly hold enormous potential as drug targets. With respect to anti-
biotic design, targeting protein–protein interfaces rather than enzyme active sites 
has evident advantages: protein–protein interfaces have structural peculiarities that 
facilitate discrimination between the host proteins and the pathogen ones, whereas 
enzyme active sites show little difference. As a consequence, a potential drug 
directed against a pathogen enzyme active site may end up blocking the action of 
the cell’s own enzymes (Singh et al. 2001). Furthermore, whereas pathogens can 
acquire antibiotic resistance by mutating a few residues in an enzyme active site, 
while maintaining the catalytic ones unaltered, in order to neutralize the action of 
a protein interaction inhibitor the pathogen would have to mutate simultaneously a 
few amino acid positions in both interacting surfaces to preclude drug binding and, 
at the same time, to preserve the ability of the partner proteins to interact. This is, 
of course, statistically more improbable.
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10 Conclusion

Over the past decade, experimental and theoretical approaches have contributed to 
stressing the importance of interpreting protein interaction networks in the context 
of domain–domain and domain–peptide interaction preference. Unraveling the 
mechanisms by which modular domains mediate protein interactions will allow 
gaining a more insightful understanding of cell functioning in both physiological 
and pathological conditions. Only when this first step has been achieved will it be 
possible to progress towards ambitious goals, such as predicting the cell response 
to any given stimulus and attenuating undesirable phenotypes by selectively inducing 
or blocking protein interactions (Dueber et al. 2004).

References

Aloy P, Russell RB (2006) Structural systems biology: modelling protein interactions. Nat Rev 
Mol Cell Biol 7:188–197

Amara JF, Clackson T, Rivera VM, Guo T, Keenan T, Natesan S, Pollock R, Yang W, Courage 
NL, Holt DA, Gilman M (1997) A versatile synthetic dimerizer for the regulation of protein–
protein interactions. Proc Natl Acad Sci USA 94:10618–10623

Andreeva A, Howorth D, Brenner SE, Hubbard TJP, Chothia C, Murzin AG (2004) SCOP data-
base in 2004: refinements integrate structure and sequence family data. Nucleic Acids Res 32:
D226–D229

Apweiler R, Attwood TK, Bairoch A, Bateman A, Birney E, Biswas M, Bucher P, Cerutti L, Corpet 
F, Croning MD, Durbin R, Falquet L, Fleischmann W, Gouzy J, Hermjakob H, Hulo N, Jonassen 
I, Kahn D, Kanapin A, Karavidopoulou Y, Lopez R, Marx B, Mulder NJ, Oinn TM, Pagni M, 
Servant F, Sigrist CJ, Zdobnov EM, Consortium I (2000) InterPro – an integrated documentation 
resource for protein families, domains and functional sites. Bioinformatics 16:1145–1150

Archakov AI, Govorun VM, Dubanov AV, Ivanov YD, Veselovsky AV, Lewi P, Janssen P (2003) 
Protein–protein interactions as a target for drugs in proteomics. Proteomics 3:380–391

Arkin MR, Wells JA (2004) Small-molecule inhibitors of protein–protein interactions: progress-
ing towards the dream. Nat Rev Drug Discov 3:301–317

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP, Dolinski K, Dwight 
SS, Eppig JT, Harris MA, Hill DP, Issel-Tarver L, Kasarskis A, Lewis S, Matese JC, 
Richardson JE, Ringwald M, Rubin GM, Sherlock G (2000) Gene ontology: tool for the unifi-
cation of biology. Gene Ontol Consort Nat Genet 25:25–29

Attwood TK (2002) The PRINTS database: a resource for identification of protein families. Brief 
Bioinform 3:252–263

Austin DJ, Crabtree GR, Schreiber SL (1994) Proximity versus allostery: the role of regulated 
protein dimerization in biology. Chem Biol 1:131–136

Belshaw PJ, Ho SN, Crabtree GR, Schreiber SL (1996) Controlling protein association and 
subcellular localization with a synthetic ligand that induces heterodimerization of proteins. 
Proc Natl Acad Sci USA 93:4604–4607

Bennett MJ, Schlunegger MP, Eisenberg D (1995) 3D domain swapping: a mechanism for oli-
gomer assembly. Protein Sci 4:2455–2468

Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, Shindyalov IN, Bourne PE 
(2000) The protein data bank. Nucleic Acids Res 28:235–242

Bhattacharyya RP, Reményi A, Yeh BJ, Lim WA (2006) Domains, motifs, and scaffolds: the role 
of modular interactions in the evolution and wiring of cell signaling circuits. Annu Rev 
Biochem 75:655–680



Domains Mediate Protein–Protein Interactions and Nucleate Protein Assemblies 403

Bornberg-Bauer E, Beaussart F, Kummerfeld SK, Teichmann SA, Weiner J (2005) The evolution 
of domain arrangements in proteins and interaction networks. Cell Mol Life Sci 62:435–445

Brooijmans N, Sharp KA, Kuntz ID (2002) Stability of macromolecular complexes. Proteins 
48:645–653

Buchan DWA, Rison SCG, Bray JE, Lee D, Pearl F, Thornton JM, Orengo CA (2003) Gene3D: 
structural assignments for the biologist and bioinformaticist alike. Nucleic Acids Res 
31:469–473

Castagnoli L, Costantini A, Dall’Armi C, Gonfloni S, Montecchi-Palazzi L, Panni S, Paoluzi S, 
Santonico E, Cesareni G (2004) Selectivity and promiscuity in the interaction network 
mediated by protein recognition modules. FEBS Lett 567:74–79

Cestra G, Castagnoli L, Dente L, Minenkova O, Petrelli A, Migone N, Hoffmüller U, Schneider-
Mergener J, Cesareni G (1999) The SH3 domains of endophilin and amphiphysin bind to the 
proline-rich region of synaptojanin 1 at distinct sites that display an unconventional binding 
specificity. J Biol Chem 274:32001–32007

Chothia C, Gough J, Vogel C, Teichmann SA (2003) Evolution of the protein repertoire. Science 
300:1701–3

Clemons PA (1999) Design and discovery of protein dimerizers. Curr Opin Chem Biol 
3:112–115

Deng M, Mehta S, Sun F, Chen T (2002) Inferring domain-domain interactions from protein–
protein interactions. Genome Res 12:1540–8

Dente L, Vetriani C, Zucconi A, Pelicci G, Lanfrancone L, Pelicci PG, Cesareni G (1997) 
Modified phage peptide libraries as a tool to study specificity of phosphorylation and recognition
of tyrosine containing peptides. J Mol Biol 269:694–703

Dueber JE, Yeh BJ, Bhattacharyya RP, Lim WA (2004) Rewiring cell signaling: the logic and 
plasticity of eukaryotic protein circuitry. Curr Opin Struct Biol 14:690–699

Elofsson A, Sonnhammer EL (1999) A comparison of sequence and structure protein domain 
families as a basis for structural genomics. Bioinformatics 15:480–500

Finn RD, Mistry J, Schuster-Böckler B, Griffiths-Jones S, Hollich V, Lassmann T, Moxon S, 
Marshall M, Khanna A, Durbin R, Eddy SR, Sonnhammer ELL, Bateman A (2006) Pfam: 
clans, web tools and services. Nucleic Acids Res 34:D247–D251

Frank R (2002) The SPOT-synthesis technique. Synthetic peptide arrays on membrane supports–
principles and applications. J Immunol Methods 267:13–26

Freund C, Kühne R, Park S, Thiemke K, Reinherz EL, Wagner G (2003) Structural investigations 
of a GYF domain covalently linked to a proline-rich peptide. J Biomol NMR 27:143–149

Gough J, Karplus K, Hughey R, Chothia C (2001) Assignment of homology to genome sequences 
using a library of hidden Markov models that represent all proteins of known structure. J Mol 
Biol 313:903–919

Gruenheid S, DeVinney R, Bladt F, Goosney D, Gelkop S, Gish GD, Pawson T, Finlay BB (2001) 
Enteropathogenic E. coli Tir binds Nck to initiate actin pedestal formation in host cells. Nat 
Cell Biol 3:856–859

Haft DH, Selengut JD, White O (2003) The TIGRFAMs database of protein families. Nucleic 
Acids Res 31:371–373

Holland TA, Veretnik S, Shindyalov IN, Bourne PE (2006) Partitioning protein structures into 
domains: why is it so difficult? J Mol Biol 361:562–590

Hulo N, Bairoch A, Bulliard V, Cerutti L, Castro ED, Langendijk-Genevaux PS, Pagni M, Sigrist 
CJA (2006) The PROSITE database. Nucleic Acids Res 34:D227–D230

Jiang S, Li P, Peach ML, Bindu L, Worthy KW, Fisher RJ, Burke TR, Nicklaus M, Roller PP 
(2006) Structure-based design of potent Grb2-SH2 domain antagonists not relying on 
phosphotyrosine mimics. Biochem Biophys Res Commun 349:497–503

Jones S, Marin A, Thornton JM (2000) Protein domain interfaces: characterization and compari-
son with oligomeric protein interfaces. Protein Eng 13:77–82

Jothi R, Cherukuri PF, Tasneem A, Przytycka TM (2006) Co-evolutionary analysis of domains in 
interacting proteins reveals insights into domain–domain interactions mediating protein-
protein interactions. J Mol Biol 362:861–875



404 S. Costa, G. Cesareni

Kopytek SJ, Standaert RF, Dyer JC, Hu JC (2000) Chemically induced dimerization of dihydro-
folate reductase by a homobifunctional dimer of methotrexate. Chem Biol 7:313–321

Lacount DJ, Vignali M, Chettier R, Phansalkar A, Bell R, Hesselberth JR, Schoenfeld LW, Ota I, 
Sahasrabudhe S, Kurschner C, Fields S, Hughes RE (2005) A protein interaction network of 
the malaria parasite Plasmodium falciparum. Nature 438:103–107

Landgraf C, Panni S, Montecchi-Palazzi L, Castagnoli L, Schneider-Mergener J, Volkmer-Engert R, 
Cesareni G (2004) Protein interaction networks by proteome peptide scanning. PLoS Biol 2:E14

Lee H, Deng M, Sun F, Chen T (2006) An integrated approach to the prediction of domain-
domain interactions. BMC Bioinform 7:269

Letunic I, Copley RR, Pils B, Pinkert S, Schultz J, Bork P (2006) SMART 5: domains in the con-
text of genomes and networks. Nucleic Acids Res 34:D257–D260

Liu J, Rost B (2004) CHOP proteins into structural domain-like fragments. Proteins 55:678–688
Longnecker R, Miller CL (1996) Regulation of Epstein-Barr virus latency by latent membrane 

protein 2. Trends Microbiol 4:38–42
MacCorkle RA, Freeman KW, Spencer DM (1998) Synthetic activation of caspases: artificial 

death switches. Proc Natl Acad Sci USA 95:3655–3660
Mulder NJ, Apweiler R, Attwood TK, Bairoch A, Bateman A, Binns D, Bork P, Buillard V, Cerutti L, 

Copley R, Courcelle E, Das U, Daugherty L, Dibley M, Finn R, Fleischmann W, Gough J, Haft D, 
Hulo N, Hunter S, Kahn D, Kanapin A, Kejariwal A, Labarga A, Langendijk-Genevaux PS, 
Lonsdale D, Lopez R, Letunic I, Madera M, Maslen J, McAnulla C, McDowall J, Mistry J, 
Mitchell A, Nikolskaya AN, Orchard S, Orengo C, Petryszak R, Selengut JD, Sigrist CJA, 
Thomas PD, Valentin F, Wilson D, Wu CH, Yeats C (2007) New developments in the InterPro 
database. Nucleic Acids Res 35:D224–D228

Neduva V, Linding R, Su-Angrand I, Stark A, de Masi F, Gibson TJ, Lewis J, Serrano L, Russell 
RB (2005) Systematic discovery of new recognition peptides mediating protein interaction 
networks. PLoS Biol 3:e405

Ng S-K, Zhang Z, Tan S-H (2003) Integrative approach for computationally inferring protein 
domain interactions. Bioinformatics 19:923–9

Nye TMW, Berzuini C, Gilks WR, Babu MM, Teichmann SA (2005) Statistical analysis of 
domains in interacting protein pairs. Bioinformatics 21:993–1001

Paoluzi S, Castagnoli L, Lauro I, Salcini AE, Coda L, Confalonieri SFaS, Pelicci PG, Fiore PPD, 
Cesareni G (1998) Recognition specificity of individual EH domains of mammals and yeast. 
EMBO J 17:6541–6550

Park J, Lappe M, Teichmann SA (2001) Mapping protein family interactions: intramolecular and 
 intermolecular protein family interaction repertoires in the PDB and yeast. J Mol Biol 307:929–938

Pawson T (2007) Dynamic control of signaling by modular adaptor proteins. Curr Opin Cell Biol 
19:112–116

Pawson T, Gish GD, Nash P (2001) SH2 domains, interaction modules and cellular wiring. Trends 
Cell Biol 11:504–511

Pawson T, Raina M, Nash P (2002) Interaction domains: from simple binding events to complex 
cellular behavior. FEBS Lett 513:2–10

Pearl FMG, Bennett CF, Bray JE, Harrison AP, Martin N, Shepherd A, Sillitoe I, Thornton J, 
Orengo CA (2003) The CATH database: an extended protein family resource for structural and 
functional genomics. Nucleic Acids Res 31:452–455

Pieper U, Eswar N, Davis FP, Braberg H, Madhusudhan MS, Rossi A, Marti-Renom M, Karchin R, 
Webb BM, Eramian D, Shen M-Y, Kelly L, Melo F, Sali A (2006) MODBASE: a database of 
annotated comparative protein structure models and associated resources. Nucleic Acids Res 
34:D291–D295

Pommier Y, Cherfils J (2005) Interfacial inhibition of macromolecular interactions: nature’s para-
digm for drug discovery. Trends Pharmacol Sci 26:138–145

Rain JC, Selig L, Reuse HD, Battaglia V, Reverdy C, Simon S, Lenzen G, Petel F, Wojcik J, 
Schächter V, Chemama Y, Labigne A, Legrain P (2001) The protein-protein interaction map 
of Helicobacter pylori. Nature 409:211–215



Domains Mediate Protein–Protein Interactions and Nucleate Protein Assemblies 405

Rickles RJ, Botfield MC, Weng Z, Taylor JA, Green OM, Brugge JS, Zoller MJ (1994) 
Identification of Src,Fyn,Lyn,PI3K and Abl SH3 domain ligands using phage display libraries. 
EMBO J 13:5598–5604

Riley R, Lee C, Sabatti C, Eisenberg D (2005) Inferring protein domain interactions from data-
bases of interacting proteins. Genome Biol 6:R89

Romano AMMPR, Panni S, Mendoza M, Wong WT, Musacchio A, Cesareni G, Fiore PPD (1999) 
A novel peptide-SH3 interaction. EMBO J 18:5300–5309

Santonico E, Castagnoli L, Cesareni G (2005) Methods to reveal domain networks. Drug Discov 
Today 10:1111–1117

Schmidt EE, Davies CJ (2007) The origins of polypeptide domains. Bioessays 29:262–270
Scott JK, Smith GP (1990) Searching for peptide ligands with an epitope library. Science 

249:386–390
Servant F, Bru C, Carrère S, Courcelle E, Gouzy J, Peyruc D, Kahn D (2002) ProDom: automated 

clustering of homologous domains. Brief Bioinform 3:246–251
Shoemaker BA, Panchenko AR, Bryant SH (2006) Finding biologically relevant protein domain 

interactions: conserved binding mode analysis. Protein Sci 15:352–361
Singh SK, Maithal K, Balaram H, Balaram P (2001) Synthetic peptides as inactivators of mul-

timeric enzymes: inhibition of Plasmodium falciparum triosephosphate isomerase by interface 
peptides. FEBS Lett 501:19–23

Sonnhammer EL, Eddy SR, Durbin R (1997) Pfam: a comprehensive database of protein domain 
families based on seed alignments. Proteins 28:405–420

Sparks AB, Quilliam LA, Thorn JM, Der CJ, Kay BK (1994) Identification and characterization 
of Src SH3 ligands from phage-displayed random peptide libraries. J Biol Chem 
269:23853–23856

Sprinzak E, Margalit H (2001) Correlated sequence-signatures as markers of protein–protein 
interaction. J Mol Biol 311:681–692

Sudol M (1998) From Src homology domains to other signaling modules: proposal of the ‘protein 
recognition code’. Oncogene 17:1469–1474

Thomas PD, Campbell MJ, Kejariwal A, Mi H, Karlak B, Daverman R, Diemer K, Muruganujan A, 
Narechania A (2003) PANTHER: a library of protein families and subfamilies indexed by 
function. Genome Res 13:2129–2141

Turkson J, Kim JS, Zhang S, Yuan J, Huang M, Glenn M, Haura E, Sebti S, Hamilton AD, Jove 
R (2004) Novel peptidomimetic inhibitors of signal transducer and activator of transcription 3 
dimerization and biological activity. Mol Cancer Ther 3:261–269

Vaccaro P, Brannetti B, Montecchi-Palazzi L, Philipp S, Citterich MH, Cesareni G, Dente L 
(2001) Distinct binding specificity of the multiple PDZ domains of INADL, a human 
protein with homology to INAD from Drosophila melanogaster. J Biol Chem 
276:42122–42130

Veretnik S, Bourne PE, Alexandrov NN, Shindyalov IN (2004) Toward consistent assignment of 
structural domains in proteins. J Mol Biol 339:647–678

Wu CH, Apweiler R, Bairoch A, Natale DA, Barker WC, Boeckmann B, Ferro S, Gasteiger E, 
Huang H, Lopez R, Magrane M, Martin MJ, Mazumder R, O’Donovan C, Redaschi N, Suzek B 
(2006) The Universal Protein Resource (UniProt): an expanding universe of protein informa-
tion. Nucleic Acids Res 34:D187–D191

Wu CH, Nikolskaya A, Huang H, Yeh L-SL, Natale DA, Vinayaka CR, Hu Z-Z, Mazumder R, 
Kumar S, Kourtesis P, Ledley RS, Suzek BE, Arminski L, Chen Y, Zhang J, Cardenas JL, 
Chung S, Castro-Alvear J, Dinkov G, Barker WC (2004) PIRSF: family classification system 
at the Protein Information Resource. Nucleic Acids Res 32:D112–D114

Yaffe MB (2006) “Bits”and pieces. Sci STKE 2006:pe28
Yaffe MB, Cantley LC (2000) Mapping specificity determinants for protein–protein association 

using protein fusions and random peptide libraries. Methods Enzymol 328:157–170
Zutshi R, Brickner M, Chmielewski J (1998) Inhibiting the assembly of protein–protein interfaces. 

Curr Opin Chem Biol 2:62–66



Index

A
Accumulation assays, 288–289
Acetylcholine, 470, 471, 476
AC isoforms, 175
Actin filament nucleators, 450
α-Actinin, 308, 311
Acute lymphoblastic leukemia (ALL), 267
Adenomatous polyposis coli (APC), 262–265, 

268, 270, 271, 273, 274
Adenylyl cyclase (ACs), 168, 172, 175, 286, 

288, 289, 307, 314
β-Adrenergic, 4, 5, 8–11
AKAP4, 486
AKAP18α, 484, 491–495
AKAP18δ, 484, 488, 492, 494–496
AKAP79, 487, 488, 492, 494, 495
AKAP82, 492
AKAP97, 488
AKAP149, 486, 492
AKAP150, 486–488, 494
AKAP250, 488, 495
AKAP350, 487
AKAP450, 484
AKAP

IS
, 490–492

AKAP-KL, 492
AKAP-Lbc, 313, 317–319, 485, 488, 

490, 492
A-Kinase anchoring proteins (AKAPs), 

4–7, 10–12, 126, 146–148, 286, 
287, 291, 292, 303–308, 310, 
312–317, 319, 328, 341, 342, 
352, 483–485

Allosteric inhibitors, 441, 443, 444, 
446, 451

Alpha1-adrenergic receptors, 304, 
306, 317

Alu repeat, 72
AMPA receptor, 370, 374
Angiogenesis, 53, 54

Ankyrin repeats, 367
Anti-capping, 43, 48, 50
AP-1, 328, 331, 339, 345, 350
AP-2, 106–118
Apoptosis, 89–92, 94, 138, 139
Arp2/3 complex, 436–439, 447, 450
Arrestin, 16–33
β-Arrestin, 136, 137, 141–145, 151, 152, 

154, 304, 306–308, 344, 345
AT hook, 77, 92
Atherosclerosis, 54
Atherosclerotic lesions, 51
Autoinhibition, 432, 438, 440–443, 

447–453
Autoinhibitory domain, 442, 

449, 453

B
BAR/PDZ domains, 192
Base excision repair (BER), 88
Base-unpaired region (BUR), 70, 71, 74, 

76–78, 86, 92–94
B cell receptor, 248
B cell regulator of IgH transcription 

(BRIGHT), 76, 77, 95
BCL10, 346
BCL-X1, 339
Beta-adrenergic receptors, 302–308, 312, 313, 

315, 316
Botulinum toxins, 462, 475–476
BRCA1/2, 90–91
Breakpoint-cluster regions (BCR), 73
Breast cancer susceptibility protein 

C-terminal (BRCT), 85
BRIGHT. See B cell regulator of IgH 

transcription
Brugada syndrome, 312
BUR, 70, 74, 76, 77, 92–94

505



506 Index

C
C1/C2 domains, 188
Ca2+/calmodulin-dependent protein kinase II 

(CaMKII), 312
CAAX motif, 174
Calcineurin (PP2B), 307–309, 314
Calcium channel, 372
Calmodulin, 20, 22, 24, 27, 31, 309, 312, 314
Calsarsin, 308
cAMP. See 3′–5′-Cyclic adenosine 

monophosphate
Camptothecin, 253
Cancer, 49, 52–54, 174, 176–178
CapZ, 311
Cardiomyopathy, 49, 54–55
Cardiovascular diseases, 51
CARMA1, 340, 346–348
Caspase-3, 138, 139
Caspase-mediated apoptotic cleavage, 76
Caveolae, 168–179, 189, 212, 213, 303, 310
Caveolin, 169–178, 303, 310, 314
Caveolin scaffolding domain (CSD), 

170–178
Caveolin signaling hypothesis, 171, 173
Caveolin signaling particle, 171
Caveosome, 171
CBM complex, 249
Cbp/PAG, 334–336, 342, 343
CD28, 339, 343–345
CDC37, 245
Cdc42, 373, 432–442, 445–447, 449
Cell adhesion, 262, 264, 273
Cell–cell adhesions, 44, 45
Cerebellum, 368
CFP, 290–293, 296
Chaperones, 245
Chemical genetics, 433–437
Chemical inhibitor, 432, 433, 443, 

450, 453
Chibby (Cby), 265, 269
Cholesterol, 169, 175
Chromatin, 265–268
Chromatin domains, 71, 74, 77, 85, 86, 97
Chromosome territories, 68
Clathrin , 16, 19, 20, 22, 26, 27, 106–108, 

111–118, 306, 308
Co-activator, 262–264, 266, 268, 269, 

274, 275
Coiled-coil motif, 42
Coiled coils, 461–478
Colchicine, 175, 176
Collision coupling, 169
Colorectal (colon) cancer, 261, 268–274
Compartmentation, 168, 179

Complex multi-protein, 385, 390, 
391, 398

Conformational changes, 20, 438, 439, 441, 
442, 449, 452

β′-COP, 309, 311
Co-repressor, 263, 265, 269
Core-unpairing element (CUE), 93
Cortex, 366, 368
CREB-binding protein (CBP), 263, 265–267, 

269, 273, 274
Csk, 328, 329, 334–336, 341–343
C-value, 69
3′–5′-Cyclic adenosine monophosphate 

(cAMP), 4–12, 286–296, 302–308, 
313, 314, 316, 317, 328, 339–345, 353

Cyclic AMP signaling, 287–288
Cyclic nucleotide-gated (CNG) ion channels, 

286, 287, 289, 292, 296
Cyclic nucleotide phosphodiesterases (PDEs), 

175, 176
Cyclooxygenase-2 (COX-2), 272
Cypher, 308, 311
Cytochalasin D, 175
Cytoskeletal components, 176
Cytoskeleton, 78, 96

D
D-AKAP1, 490, 492
D-AKAP2, 486, 492
Database

CATH, 388–390
InterPro, 389, 390, 394
PDB, 392, 399–400
Pfam, 388–390
Prosite 389
SCOP, 388–390
Swissprot, 389
UniProt, 386, 389

Dendrite, 366, 369, 373–376
Desensitization, 16, 25, 26, 28, 31, 133, 

141, 142
Diacylglycerol (DAG), 186–191, 

194, 196
Diaphanous-related formins, 440, 441, 

447–449, 451
Dilated cardiomyopathy, 193
DISC1, 136, 140–141, 151
Disruptor peptide, 489, 494
Dlgh1, 346, 348
DNA binding, 463
DNA damage

ATM kinase, 253
p53, 252



Index 507

DNA methylation, 95, 96
DNAse I hypersensitive sites, 86
Domain

EVH1, 391–393
PDZ, 391–393
SH2, 386, 391–395
SH3, 386, 391–393, 395
WW, 391, 392, 394

Domain composition, 385–386, 399
Domain evolution, 386
Double-strand break (DSB) repair, 90
Drug delivery, 477
Drug design, 384, 400, 401, 476, 477
Drug targeting, 478

E
EBP50, 328, 343
EGF

EGFR, 206, 214, 215, 227
Embryonic development, 195
Emesis, 135, 150
Endocytosis, 106–108, 111, 113, 

115–118
Endocytosis inhibitors, 117
Endoplasmic reticulum, 215, 216
Endosomes, 214, 215, 218, 219, 

226, 227
eNOS, 172, 174–176
EPAC. See Exchange proteins activated 

by cAMP
Epac1, 316–318
Epac-based sensors, 293–295
Epacs - Exchange protein directly 

activated by cAMP, 286
Epigenetic code, 95
Epigenetics, 95
Epigenetic silencing, 271
Episome, 97
ERK, 130–133, 142–146, 148, 149, 

151, 154, 155
ERK5, 7–9, 11
ERM proteins, 336, 338
Etoposide, 253
EVH1 domain, 40–41, 44, 55, 56
EVH2 domain, 40–43
Exchange proteins activated by cAMP, 126, 

127, 146, 148–149, 302
Extracellular matrix, 96, 97
Extracellular signal-Regulated Kinase 5/big 

mitogen-activated protein kinase 1 
(ERK5/BMK1), 316

Ezrin, 304–306, 328, 336, 342, 343, 
352, 487, 492

F
F-actin, 372, 373, 375
Familial adenomatous polyposis (FAP), 

270, 272
Family

domain, 388–391, 394, 395
protein, 388–390

Feedback loops, 131–133
Filopodia, 44, 48, 50, 51
FKBP12.6 (calstabin2), 314, 315
Flotillins/reggies, 170
Fluid mosaic model, 169
Fluorescence polarization, 452,
Fluorescence resonance energy transfer 

(FRET), 290–296, 447
Focal adhesions, 43, 178
Formin, 432, 440, 447, 450
FOXO3a, 340
FQF ERK specificity domain, 148, 149
Fusion peptide, 472–475
Fusion protein, 461, 472–476
Fyn, 328, 334–336, 342, 349, 350

G
GADS, 330–332, 337
GEF activity, 337, 338
Geldamycin, 245
Gene deserts, 69, 71
Gene therapy, 28, 29, 31
Genomic insulators, 68, 73
GFP, 290
GKAP, 366, 368–370, 372, 375, 376
GLUT4, 195
Glycogen synthase kinase 3 (GSK3), 263–265, 

271, 272
Glycohydrolase (PARG), 83, 87
Glycosylphosphatidylinositol (GPI)-linked 

proteins, 171
Golgi, 215, 216, 218, 220, 226–228
GPCRs. See G-protein coupled receptors
GPCR desensitization, 173
G-protein-coupled receptor kinases (GRKs), 

304–308
G-protein coupled receptors (GPCRs), 

16–20, 24–28, 31, 168–173, 
175–179

G-proteins, 168, 172, 175, 302–307, 309, 
310, 343

Gravin, 488
Grb2, 330–334, 338
Groucho (Gro), 263, 265, 266
Guanine-nucleotide exchange proteins, 287, 

292, 293, 295, 296



508 Index

H
Haemostasis, 49, 51, 52
Haploinsufficiency, 368, 369
HARBS, 134
HDM2, 497, 498
Heart disease, 10, 12
Helical-wheel diagram, 464, 465
Helicase, 267
Hemagglutinin, 472, 474
Hepatocellular carcinoma, 271
Heptad repeat, 464, 468, 472
Heterogeneous nuclear ribonucleoproteins 

(hnRNPs), 69, 80–81
Heterotrimeric G-proteins, 168, 172, 174
High-mobility group (HMG) box, 265, 269
High-throughput assays, 446
Hippocampus, 366, 368
Histone acetyltransferase, 70, 77, 81, 266
Histone code, 95
Histone deacetylases (HDACs), 96, 265, 319
Histone-oligo(ADPribosyl)ation, 86
HMM profile, 389
hnRNP-U, 76, 77, 80
Homer, 366, 368, 370–372
Homology sequence, 388, 389
H-ras, 174
HSP90, 245–246
Ht31, 6, 7, 11, 12
Hydrophobic core, 462, 464–466
Hydroxyl radical, 92
Hypoxia-inducible transcription factor-1 

(HIF-1), 89, 92

I
IκB, 237
IκB kinase (IKK), 345–347, 351

activation, 241–243
complex, 241
structure, 241–243

ICD compartment, 68, 70
IKK&alphabdot;, 238, 241, 242
IKKβ, 238, 242
IKKγ/NEMO, 238, 242–245
IL-13, 349
IL-4, 349
Immunological synapse, 45–46, 332, 

336–338, 348
Immunoreceptor tyrosine-based activation 

motifs (ITAMs), 327, 328
Inflammation, 84, 91, 92
Inhibitory complexes, 333
Integrin-dependent adhesion, 46
Integrin receptors, 336

Interaction
domain mediated, 383, 390–391, 394, 

396–398, 401, 402
detection method, 385, 398
domain-motif, 394, 402
inhibition, 400
protein-protein, 384–385, 390, 391, 394, 

396–402
Interaction interface, 25
Interactome, 384, 385
Interchromatin domain compartment, 68, 70, 75
Intermediate filament network, 78
Intermediate filaments, 78, 96, 467
Internalization, 19, 25, 26, 31
IP3 receptor, 368, 371
IRSp53, 372, 373
Ischemic injury, 178
Itk, 337, 339

J
JNK2, 346, 348

K
KAP15/18, 11
KCNQ1, 313, 315
KIM docking domain, 148, 149
Kinase inhibitors, 434, 442, 443, 446, 453
Kinesin, 467
Kinetochore, 468, 469

L
Lamellipodia, 44
Lamina, 78, 79, 87
Lamin networks, 78–79
Laminopathies, 79–80
Lamins A-C, 78
LARBS, 134
LAT, 329–334, 336, 337, 339
Lck, 328, 329, 337, 342, 348
Leucine zipper motif, 313, 317, 

462–468, 471, 477
Ligand recognition pocket, 391, 394, 401
LIM kinase, 444, 445
Lipid (membrane) rafts, 168–172
Lipid rafts, 169, 186, 189, 213, 214
Listeria monocytogenes, 42, 43, 45, 56
Long, interspersed nuclear elements (LINEs), 72
Long QT syndrome, 312, 315
L-type Ca2+ channel, 494–496
L-type voltage-dependent calcium channels 

(L-VDCC), 312



Index 509

Lymphocyte antigen stimulation, 248
Lymphoproliferative, 332, 334, 350

M
mAKAP, 7–11, 136, 146, 149, 313–318, 484, 

492, 495
MAP2, 486, 488
MAP kinase cascade, 92
MAP kinases (MAPKs), 17, 19, 20, 27, 328, 

338, 348, 351
ERK, 206–208, 210, 211, 213–221, 223, 

224, 226
JNK, 206, 207, 209, 216, 224, 227
MEK, 206–211, 214, 216–221, 223, 228
oncogenes, 220–223
p38, 206, 207, 209, 223–225, 228
Raf, 208, 210, 211, 213–219, 

221–223, 228
scaffolds, 206, 212, 216–218, 226–229

mDia1, 448
Meiosis, 462, 468
Melanoma, 271
Membrane-associated guanylate kinase 

(MAGUK), 346, 348
Membrane fusion, 468–472, 474–476

fusion inhibitors, 475–477
Membrane/lipid, 168, 169
Membrane/lipid rafts, 168, 169
Membrane rafts, 169, 171, 172, 174–176, 178
Membrane tubulation, 192
Merlin, 445
Metastasis, 52, 53
Methyl-β-cyclodextrin (MβCD), 175
Microtubules, 17–24, 27, 29–31
Minicircles, 97
Mitosis, 462, 468
Module

functional, 385–386
interaction, 391–397, 401

Motif, 391, 393–397, 400
MTG8, 487
Muscle degeneration, 178
MyD88, 350, 351
Myomegalin, 136, 150

N
Na channel - SCN5A, 311–312, 315
Na+-H+ exchanger regulatory factor-1 

(NHERF-1), 305
Na+-H+ exchanger regulatory factor-2 

(NHERF-2), 305
Necrosis, 84, 91, 92

Nephritis, 49, 55–56.
Network interaction, 383–385, 390, 

398–400, 402
Neurotransmitters, 461, 470, 471, 476
NFAT. See Nuclear factor of activated 

T cells
NF-κB, 89, 92, 328, 331, 338–340, 345–348, 

350, 351
family, 238
pathway, 238–241, 252

NF-µNR, 95
NGF TrKA, 211, 213, 215
Nitric oxide, 92
NKT cells, 350
NMDA receptor, 370, 372, 374
Non-receptor tyrosine kinases, 178
Nonsteroidal anti-inflammatory drug 

(NSAID), 272, 275
NTAL, 329, 333, 334
Nuclear actin, 82
Nuclear factor of activated T cells (NFAT), 

308, 309, 314, 328, 331, 339, 345, 
346, 348

Nuclear hormone receptor, 81
Nuclear matrix, 68–70, 74–78, 80–83, 88, 

89, 91, 95–97
Nuclear matrix-intermediate filament 

(NM-IF), 96
Nuclear matrix protein 1(NMP-1), 88
Nuclear matrix-targeting sequence (NMTS), 

82, 83, 96
Nuclear mitotic apparatus protein (NuMA), 

82–83
Nuclear myosin, 82
Nuclear scaffold, 68, 74, 79, 96
N-WASP, 432, 435–443, 449, 452, 497

O
Obscurin, 309
Occludin, 467–468
Origin-of-replication (ORI), 73

P
p21-activated kinases, 432, 440–447
p38 MAPK, 178
p42/44 ERK, 178
p42/44 MAP kinases, 178
p53, 76, 85, 88–90, 93, 497, 498
PAG, 328, 329, 333–336, 342, 343
Pak1, 432, 441–447, 449, 451, 453
Palmitoylation, 170, 173, 174, 333, 334
PARG, 83, 87



510 Index

PARP
automodification, 85–87
inhibitors, 84, 89, 91

PARP-1, 69, 71, 76, 79–81, 83–89, 91–93
Pathogen-associated molecular patterns 

(PAMPS), 350, 351
PDE4, 334, 344, 345

and AKAPs, 126, 127, 136, 144–148, 151
and β-arrestin, 136, 137, 141–145, 151, 

152, 154
and caspase-3, 138, 139
dimerisation, 131, 132, 140
and DISC1, 136, 140–141, 151
dominant negative, 128, 143, 144, 147, 

151, 153–155
and EPAC, 126, 127, 146, 148–149
and ERK, 130–133, 142–146, 148, 149, 

151, 154, 155
ERK phosphorylation, 132, 148
gene structure, 129–130, 141
isoform diversity, 128
lipid-protein interactions, 137
mRNA stability, 130, 133
and myomegalin, 136, 150
and phosphatidic acid, 131, 137
PKA phosphorylation, 131–133, 140, 142, 

144–147, 152, 154
promoters, 130, 132, 133
protein-protein interactions, 125, 128, 132, 

135–138, 140, 145, 151, 153, 155
and RACK1, 132, 134, 136, 137, 143–145, 

151, 152
and SH3 domains, 132, 134, 137–139
siRNA, 145, 151
targeting, 125, 128, 133, 135–137, 143, 153
and Xap2/Ara9, 139

PDE4A1, 135–137
PDE4A1 N-terminal structure, 135–137
PDE4D, 495, 496
PDE4D3, 7–9
PDE4D3 and AKAPs, 146–148, 151
PDEs. See Phosphodiesterases
PDK-1, 340
PDZ domains, 303–306, 311, 336, 367, 

369–373
Peptide AKAP18δ-L314E, 492
Peptide AKAP18δ-wt, 492
Peptide AKB-RI, 492
Peptide arrays, 143, 152
Peptide Ht31, 490–491, 493
Peptides, 352
Peptidomimetics, 352
Peptoids, 56
Peptomers, 56

Phagocytosis, 46
Phorbol esters 186,190, 196
Phosphatidic acid, 131, 137
Phosphatidylinositol 4,5-bisphosphate, 435
Phosphatidylinositol-3-kinase/protein kinase B 

(PI3K/PKB, Akt), 177
Phosphatidylinositols, 332, 339
Phosphodiesterases (PDEs), 286, 289, 292, 

293, 295, 302–304, 306–308, 310, 
314–318, 339, 341, 344

Phosphoinositide 3-kinases (PI3Ks), 339
Phosphoinositides, 188, 193
Phospholamban, 488, 494, 495
Phosphorylation, 16, 22–24, 30, 31, 44–52, 

54, 394
Phosphorylation of caveolin, 178
Physical properties of membranes, 188, 189
PI3K, 339
PI3-kinase/Akt pathway, 92
PKA. See Protein kinase A
PKA-anchoring disruptor, 489, 492, 493
PKA-based sensors, 290–293
PKA type I, 341–343, 345
PKC. See Protein kinase C
PKCθ, 340, 346, 347
Plasma membrane, 167–170, 172, 173
Platelet aggregation, 48, 50, 51
PLCγ, 330, 331, 334
Poly(ADP-ribose) (PAR), 83–85, 89, 95
Poly(ADP-ribosyl)ation, 79, 80, 87
Postsynaptic density, 366–376
Postsynaptic density protein 95 

(PSD-95), 305
PRM-binding domains (PRDs), 409–416, 

419–422
Proline-rich domain, 40, 41
Proline-rich motifs (PRM), 409–422
ProSAP, 366, 367
Proteasomal degradation, 263, 264, 271
Protein fold, 388, 390
Protein

multi-domain, 385, 388, 390
single-domain, 385

Protein kinase A (PKA), 4–12, 46–52, 172, 
173, 175, 176, 286–288, 290–292, 295, 
302–308, 312–319

Protein kinase C (PKC), 172, 177, 248, 307, 
309–311, 317–319

Protein kinase D (PKD), 317–319
Protein phosphatase 1 (PP1), 313–315
Protein-protein interactions (PPI), 25, 29, 

408–410, 422
14-3-3 Proteins, 318
PSD-95, 366, 367, 369, 370, 372, 375



Index 511

R
Rab32, 485
Rac, 373, 374, 432, 434, 441, 442, 445, 446, 449
Rac1, 496, 498
RACK1, 132, 134, 136, 137, 143–145, 151, 152
RAD51, 90
Rap1, 211
Rap1 (Rap2), 316, 317
Ras, 207, 208, 210–217, 220–223, 225, 

226, 228
Real-time detection of cAMP, 288– 289, 292
Receptor internalization/endocytosis, 173
Receptors for activated C kinase (RACK), 

307, 309–311
Receptor specificity, 28
Receptor tyrosine kinase (RTK), 170, 172, 

177–178
Recombination hotspots, 73
Regulatory T cells (Treg), 332, 348
Retroelements, 72
Rho, 309, 317, 318, 373
Rho GTPases, 432–435, 440–442, 447–453
RIAD, 491–493
Ribosomes, 191
RIP1, 247, 249
RNA interference (RNAi), 269
RNA polymerase II (Pol ll), 267
RNA silencing, 128, 142, 154, 155
Rolipram, 129–134, 137, 138, 140, 141, 145, 154
Ruboxistaurin, 197
Ryanodine receptor (RyR2), 312–315, 485
RyR, 8–11

S
Salt bridges, 464, 465, 477
SAM domain, 367–370
SAP, 333, 349, 350
SAP97, 304, 305
SAPAP, 366, 368–370, 372, 375, 376
Scaffold attachment factor A (SAF-A), 77, 

80–83
Scaffold-attachment factor A (SAF-A/ 

hnRNP-U), 76, 80
Scaffold/matrix attachment regions (S/MARs), 

69–81, 83, 84, 86, 87, 90–97
Scaffolding, 432–434, 436, 438, 444, 452, 453
Scaffolds, 346, 352
Shank, 366–376
SH3, 41, 48
SH3 domain(s), 132, 134, 137–139, 332, 335, 

336, 338, 348, 349, 373, 374
Short, interspersed nuclear elements 

(SINEs), 72

Signal transduction, 168, 169, 171–174, 176, 
178, 179

Similarity
sequence, 389
structure, 388, 389

Signaling pathway, 390–395, 400
Single cAMP-binding domains, 295–296
SLAM, 333, 349, 350
SLAM-associated proteins or SAPs, 349
Slp-76, 331, 332, 336, 337, 339
Small-interfering RNA (siRNA), 275
S/MAR-binding potential, 90
SNARE proteins, 469–471, 475, 476

SNARE masters, 471
Special AT-rich DNA binding protein 1 

(SATB1), 93–94
Spindle apparatus, 468, 469
Spine, dendritic, 366, 368, 371–373, 376
Src, 176–178
Stem cell, 269, 270, 275
Stress fibres, 43
Stress-induced duplex destabilization (SIDD), 

70, 71, 74, 76, 77, 86, 93
Subcellular fractionation, 168
Sumoylation, 94, 95
Superfamily protein, 388–390
Synapse, (not found in Chapter 19)
Systems biology, 186, 187, 197, 198, 384

T
TAK1, 347, 348, 351
TAPAS1 domain, 137
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