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Preface 

The behavior of eukaryotic cells, particularly those of multicel
lular organisms, depends on the transmission of signals from one 
cell to another. Such extracellular signals can take the form of 
hormones, antigens, cells surface molecules, or components of the 
extracellular matrix and exert their effects by binding to specific 
receptors, usually exposed on the surface of the target cell. These 
transmembrane receptors possess a cytoplasmic domain that al
lows communication with intracellular signaling pathways, pro
viding access to the regulation of gene expression, cytoskeletal 
architecture, cell metabolism, survival, and the cell cycle. Defining 
the process through which a signal emanating from an individual 
receptor can influence so many aspects of cellular function is of 
central importance for our understanding of signal transduction. 

Many polypeptide factors that regulate cellular growth and 
differentiation bind to receptors with cytoplasmic tyrosine kinase 
domains. Recent evidence has indicated that intracellular sig
naling from receptor tyrosine kinases proceeds through a series of 
modular protein-protein interactions, typified by the interaction 
of autophosphorylated growth factor receptors with the Src ho
mology 2 (SH2) domains of cytoplasmic target proteins. Thus, a 
crucial role of tyrosine phosphorylation is to promote the for
mation of protein complexes through the creation of specific SH2 
domain-binding sites, thereby regulating the activation of bio
chemical pathways within the cell. The interactions of SH2 do
mains with their ligands have two interesting features: first, 
phosphorylation of a tyrosine residue within the ligand is ab
solutely required for high-affinity binding and serves as a switch 
for recognition of the phosphorylated site by an SH2 domain; 
second, SH2 domains recognize specific phosphopeptide se
quences in a fashion that is dictated by the ligand residues im
mediately C-terminal to the phosphotyrosine, providing an 
element of specificity. SH2-mediated interactions are important 
not only in signaling by transmembrane receptors, but also for 
the functions of cytoplasmic tyrosine kinases that act down
stream of cytokine- and antigen-receptors. 
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SH2 domains can be viewed as the prototype for a growing 
number of protein modules that control protein-protein and 
protein-phospholipid interactions in a wide range of cellular 
processes. These include phospho tyrosine-binding (PTB) do
mains that, in some cases, also recognize phosphotyrosine-con
taining motifs on activated receptors, although in a quite different 
manner from SH2 domains, and SH3 and WW domains that bind 
proline-rich peptide sequences. PDZ domains recognize short 
peptide motifs at the C-terminal ends of receptors and ion 
channels and are involved in receptor clustering and subcellular 
organization as well as engaging in direct PDZ-PDZ interactions. 
The pleckstrin homology (PH) domain, although it has a fold 
very much like that of a PTB domain, apparently associates with 
specific phosphoinositides and probably functions to target pro
teins to the plasma membrane. 

An important feature of these modules is that they are fre
quently found covalently linked within the same polypeptide 
chain and thereby allow the formation of a network of protein
protein and protein-phospholipid complexes that can, in princi
ple, disseminate signaling information to a wide range of cellular 
processes. It is also apparent that these modular interactions are 
employed by a variety of cell-surface receptors and internal sig
naling pathways and are certainly not confined to the targets of 
tyrosine kinases. 

The articles in this volume address the various mechanisms 
through which protein modules control signal transduction. At
tention is focussed on the genetic, biochemical, and structural 
analysis of domains that act downstream of tyrosine kinases and 
their role in specific biological events during embryonic devel
opment, the response to insulin, and in organization of the 
cytoskeleton. However, the subjects of protein modules that 
control the functions of ion channels, as well as signaling by 
serine kinase receptors, and transmembrane proteins such as 
Notch, have also been addressed. Taken together, these chapters 
provide an over view of the molecular process by which signals 
emanating at the plasma membrane are transmitted to targets in 
the cytoplasm and within the nucleus. 

Canada T. PAWSON 
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Cells have a remarkable ability to extract information from the extracellular en
vironment and to respond by altering their transcriptional and replication pro
grams, metabolism, shape, and many other aspects of their behavior. The 
transduction of extracellular signals is particularly crucial in multicellular organ
isms, where development and adult life requires that each cell precisely adjust its 
activities to conform to the needs of the whole organism. From an engineering 
standpoint the mechanisms used to transduce signals must be combinatorial in 
nature, because the limited number of total gene products implies that the trans-
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ducers for each specific signal in each specific cell type cannot be unique. Our current 
understanding suggests that many types of extracellular signals are transduced by a 
relatively small number of enzymes including tyrosine kinases, GTP-binding pro
teins, and serine/threonine kinases, and that specificity of signaling arises through 
the assembly of multiprotein complexes involving such signaling proteins. 

The importance of stable protein-protein interactions to signaling is now 
widely appreciated (to the point where the ubiquitous "two-hybrid screen" is al
most universally applied to any protein of interest), and this understanding is due in 
large part to work on Src Homology 2 and Src Homology 3 (SH2 and SH3) 
domains. These two modules were originally noted as regions of sequence similarity 
found in proteins implicated in signaling (the term "Src Homology domain" is a 
vestige of early work in which the SH2 domain was first identified in several related 
oncogenic tyrosine kinases including Src (SADOWSKI et al. 1986). They have sub
sequently been found in many hundreds of different proteins in eukaryotes, making 
them among the most common structural motifs known. These two motifs are the 
archetypes for the rapidly growing assortment of independently folding protein 
modules whose primary role is to mediate high-affinity binding to other proteins. 

1.1 SH2 Domains Bind Tyrosine-Phosphorylated Ligands 

Before any specific role was assigned to the SH2 or SH3 domains, mutagenesis 
studies in nonreceptor tyrosine kinases had suggested that they served some sort of 
regulatory role. An important breakthrough was the cloning of members of oth
erwise unrelated families of signaling proteins that contained the domains, in
cluding PLC-y, Ras-GAP, the p85 subunit of PI-3 kinase, and the Crk oncogene; 
this revealed the modular nature of SH2 and SH3 domains and suggested that they 
would be found in other proteins involved in signal transduction. Experiments by a 
number of groups soon showed that these proteins had the remarkable property of 
rapidly and tightly binding to tyrosine kinase growth factor receptors upon ligand 
stimulation. It subsequently became clear that this binding was due to the proteins' 
SH2 domains, that autophosphorylation of the receptors was required for binding, 
and that binding to tyrosine-phosphorylated proteins was a general property of 
SH2-containing proteins (ANDERSON et al. 1990; MARGOLIS et al. 1990; MATSUDA 
et al. 1990, 1991; MAYER and HANAFUSA 1990; MORAN et al. 1990). The demon
stration that bacterially produced SH2 domains could bind in a phosphotyrosine
dependent fashion to denatured proteins on filters (MAYER et al. 1991) demon
strated that the binding of SH2 domains to tyrosine-phosphorylated proteins was 
direct and unlikely to require folded structure in the ligand proteins. 

The realization that SH2 domains could mediate the phosphotyrosine-depen
dent association of proteins (and presumably affect the localization and activity of 
proteins that contain the domain) resolved a long-standing conundrum concerning 
receptor tyrosine kinases. While considerable effort had been expended in a search 
for the substrates of tyrosine kinases, including receptors, it was also known that 
the major tyrosine-phosphorylated protein in cells stimulated with mitogenic 
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growth factors was often the receptor itself. This seemed incompatible with ideas in 
which the activated kinase served to amplify signals by phosphorylating many 
substrate molecules. But if the major role of the receptor was to autophosphorylate 
and thereby serve as an inducible binding site for downstream SH2-containing 
signaling molecules, it then was unnecessary to invoke phosphorylation of heter
ologous substrates to construct models of signal transmission. Activation of kinase 
activity could be viewed as a means of changing the binding activity of the intra
cellular aspect of the receptor, analogous to differences in the binding activity of G 
proteins depending on whether they are bound to GDP or GTP. 

1.2 SH3 Domains Bind Proline-Rich Peptides 

SH2 domains and tyrosine kinases seem to have evolved hand-in-hand during the 
transition from unicellular to multicellular organisms. The SH3 domain, on the 
other hand, is found in all eukaryotes including the yeasts, suggesting a longer 
evolutionary history and a more general function. While often found in conjunction 
with SH2 domains in signaling proteins, SH3 domains are also found in many 
proteins lacking SH2 domains, even in complex eukaryotes. Because several of the 
initial proteins in which SH3 domains were found were associated with the cyto
skeleton (alpha spectrin, myosin isoforms, etc.), there was initially some suspicion 
that these domains might have a specific cytoskeletal function, but it is now clear 
that the role of SH3 domains is much more general. 

The first SH3-binding proteins were isolated by screening bacteriophage ex
pression libraries with labeled SH3 domains, and the binding sites were mapped to 
short proline-rich peptides (CICCHETTI et al. 1992; REN et al. 1993). In subsequent 
years numerous SH3 ligands have been identified by affinity chromatography, yeast 
two-hybrid screens, degenerate peptide library screens, and phage display strategies. 
All of the SH3-binding sites identified share the property of being proline-rich, and 
structural studies revealed that ligands adopt the left-handed polyproline-2 (PP-II) 
helix conformation. Because binding is independent of any covalent modification of 
the binding site (such as phosphorylation, as in the case of the SH2 domain), SH3-
ligand interactions are usually constitutive and not inducible, though there are 
interesting exceptions, some of which will be discussed in greater detail below. But 
conceptually, SH3 domains are less likely to act as switches than as a more general 
means of assembling protein complexes via moderate-affinity interactions. 

2 Domain-Ligand Interactions 

Few protein-protein interactions are as well characterized biochemically and 
structurally as SH2- and SH3-mediated complexes. These topics have been exten
sively reviewed in the past several years (e.g., COHEN and BALTIMORE 1995; PAWSON 
1995), so only the highlights will be mentioned below. Although SH2 and SH3 
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domains differ in almost every aspect of their structure, ligands, inducibility, spe
cificity, and so on, they do share one important property: they bind to stereotypical 
ligands that are defined by short stretches of contiguous peptide sequence, and in 
large measure the entire affinity of the domain for its protein ligand can be reca
pitulated by free peptide. As recently discussed by HARRISON (1996), this is a 
departure from earlier examples of protein-protein interactions in which whole 
surfaces of two interacting proteins, composed of residues from disparate regions of 
the primary sequence, are involved in binding. 

The interaction of modular domains with short peptide ligands has obvious 
implications for the evolution of interactions, because it is easy to envision how 
binding sites and domains could be rapidly shuffled in and out of proteins in the 
course of evolution. There are also important implications for the experimental 
analysis of signaling pathways. SH2 or SH3 domains can be easily identified in a 
novel protein from the primary structure, and potential SH2- or SH3-binding sites 
can also be tentatively identified by simple sequence inspection. This allows us to 
anticipate the types of interactions that may be involved in the function of a novel 
protein and suggests specific mutations that can illuminate the significance of po
tential interactions. While it still might be misleading to assume that proteins be
have as modular "beads on a string," identification of binding modules has proven 
a valuable tool for molecular analysis. 

2.1 SH2 Domains 

SH2 domains bind to extended peptides, with specificity largely but not exclusively 
determined by the three residues C-terminal to the phosphotyrosine (SONGYANG 
et al. 1993). The binding of an isolated SH2 domain to a specific peptide target is 
quite high - most reported dissociation constants are lower than 10-7 M (LADBURY 
et al. 1995), in some cases considerably lower. By contrast affinity for unphos
phorylated peptides is negligible, meaning that the interaction is very tightly con
trolled by signals that change the phosphorylation state of potential binding sites. 
Discrimination between different phosphorylated sites can also be quite high. Af
finities for phospho tyrosine itself are in the low millimolar range, meaning that at 
least four logs of affinity are provided by the peptide residues that follow the 
phosphotyrosine. Pioneering studies by Cantley's group using a degenerate peptide 
library approach have proven very useful in identifying those sites bound with 
highest affinity by specific SH2 domains, allowing a priori predictions about the 
SH2-containing proteins that might bind a specific phosphorylated site in a protein 
(SONGYANG et al. 1993, 1994). 

2.2 SH3 Domains 

SH3 domains also bind to extended peptide sequences, in this case invariably in the 
left-handed PP-II helix conformation (reviewed in MAYER and ECK 1995). Struc-
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tural studies have shown that SH3 domains possess a shallow, extended binding 
groove composed of three pockets which interdigitate with the residues on the face 
of three turns of the helix (the PP-II helix has three residues per turn). Surprisingly, 
it was found that SH3 domains could bind to some ligands in an N-to-C orientation 
and others in a C-to-N orientation, due to the pseudo symmetrical nature of the PP
II helix (FENG et al. 1994). Two of the pockets of the SH3 domain each bind to two 
adjacent hydrophobic residues of the ligand (one of which is a proline) while the 
third pocket binds to "specificity-determining" residues, which are often but not 
always basic, giving two consensus binding sites: for "class 1" sites, + x <I> P 
x <I> P, and for "class 2" sites, <I> P x <I> P x + (where" +" denotes a basic residue, 
"<I>" denotes a hydrophobic residue, and "x" can be any amino acid). Because 
known binding sites almost invariably contain the sequence PxxP, this is often 
considered the core binding motif. Proline plays a critical role by favoring the 
adoption of the PP-II helix conformation, and in a more general sense by pre
senting hydrophobic patches on the typically hydrophilic surface of proteins. 

Specificity of an SH3 domain for particular ligands, at least in the case of 
peptide ligands, is far from absolute. Most SH3-peptide ligand interactions have 
dissociation constants in the neighborhood of 10-6 - 10-5 M, and many pep tides 
bind to different SH3 domains with quite similar apparent affinities in vitro (Yu 
et al. 1994). Specificity in vivo, however, is probably significantly higher for several 
reasons. First, residues outside the minimal SH3 binding motif have been found to 
contribute significantly to affinity by binding to regions of the SH3 outside the three 
binding pockets (FENG et al. 1995; RICKLES et al. 1995). Furthermore, in many 
cases binding sites are reiterated several times in a ligand protein, raising the ap
parent affinity by increasing the avidity of binding relative to monovalent ligands. 
Because the dissociation constants of the domains for their targets are often in the 
same range as the intracellular concentrations of interacting proteins, local con
centrations will have large effects on what potential partners actually bind in vivo. 
The modest affinities also imply that specific SH3-mediated interactions will be 
relatively short-lived and therefore subject to remodeling in response to changes in 
the local concentration of binding partners. 

3 The Grb2 Paradigm 

The importance of the interactions mediated by SH2 and SH3 domains is now 
beyond dispute, but it was the seminal discovery several years ago that such in
teractions were critical in signaling from tyrosine kinase growth factor receptors to 
Ras that conclusively put to rest doubts about the relevance of in vitro binding to 
in vivo biological activities. Because this pathway still serves (for better or for 
worse) as a paradigm for SH2 and SH3 function it is worth briefly considering it 
here. This is also a clear example of how two widely divergent experimental ap
proaches, classical genetics and biochemistry, contributed equally to an important 
insight unattainable by either approach in isolation. 
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Genetic screens for genes involved in signaling initiated by receptor tyrosine 
kinases in C. elegans and later in D. melanogaster identified a gene encoding a small 
protein (termed Sem-5 in C. elegans and Drk in Drosophila) that appeared to 
function downstream of the receptor and upstream of the GTP-binding protein Ras 
(CLARK et al. 1992; OLIVIER et al. 1993; SIMON et al. 1993). While Ras was known to 
be important for signaling, especially in regulation of proliferation and differenti
ation, and was known to be activated by mitogenic growth factors, the mechanism 
of activation remained obscure. Sem-5/Drk (now more commonly referred to as 
Grb2, the name for the human homolog, LOWENSTEIN et al. 1992), consists of a 
central SH2 domain flanked by two SH3 domains in the total absence of any other 
functional domains. It was clear that the SH2 domain had the potential to bind to 
autophosphorylated growth factor receptors after stimulation, but what might its 
downstream, SH3-binding effectors be? A critical insight was provided when it 
became apparent that SH3 domains were likely to bind proline-rich ligands (REN 
et al. 1993), because a putative guanine nucleotide exchanger (GEF) for Drosophila 
Ras, termed Sos, had already been cloned and was known to have a proline-rich 
C-terminal tail (BONFINI et al. 1992). Given these pieces of information, it proved 
straightforward to demonstrate that Grb2 mediated the recruitment of Sos to the 
membrane after growth factor binding, leading to activation of Ras, which is 
confined to the membrane by virtue of its lipid modification (BUDAY and 
DOWNWARD 1993; CHARDlN et al. 1993; OLIVIER et al. 1993; SIMON et al. 1993). 

3.1 Advantages of Networks 

The two critical interactions for this signaling pathway are the SH2-mediated in
teraction with liganded growth factor receptor and SH3-mediated interaction with 
the effector, Sos. The net effect is to greatly increase the local concentration of Sos 
in the vicinity of its substrate, Ras. At first glance this might seem like a needlessly 
complex and arcane method to activate Ras - it would be much more efficient to 
have activated growth factor receptor modify Ras directly, or to provide Sos with 
its own SH2 domain thereby eliminating the need for the Grb2 adaptor "middle
man." But the system as it actually evolved provides a significant advantage: 
multiple branch-points for signals to diverge to multiple effectors or be integrated 
among many inputs. It is a mistake to consider the receptor-Grb2-Sos-Ras complex 
as an isolated, linear pathway. Tyrosine phosphorylated sites on activated growth 
factor receptors can recruit many different SH2-containing proteins other than 
Grb2; multiple proteins can compete for binding to each site based on abundance 
and local concentration and their binding can be modulated by dephosphorylation 
of sites. In turn, many different SH3-binding effectors can bind to the SH3 domains 
of Grb2, allowing a host of proteins to be recruited to the vicinity of activated 
receptors, and again different binding proteins can compete among themselves for 
binding before and after relocalization. 

The multiple branch-points in such a system allow for a single biochemical 
event [e.g., binding of platelet-derived growth factor (PDGF) to its receptor on the 
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cell surface] to have completely different intracellular consequences based on the 
specific cocktail of binding partners available in each cell. It can readily be seen how 
a relatively limited number of such binding partners can give virtually infinite 
combinations of responses to a single signal. Conversely, because the Grb2 SH2 
domain can bind to sites on many different tyrosine-phosphorylated proteins, many 
different signal inputs can generate the same intracellular response. 

While the straightforward model for Ras activation outlined above is useful in 
thinking about other roles for protein-interaction modules in signaling, the work of 
the past several years has highlighted the complexity of actual signaling pathways. 
For example, it is apparent that many activated receptors do not directly bind the 
Grb2 SH2 domain, and it can also be shown that the proline-rich tail of Sos is not 
required for activation of Ras in some cases (KARLOVICH et al. 1995). The focus of 
much future work will be on efforts to understand the behavior of signaling net
works, as opposed to the more easily understood but less accurate models based on 
linear pathways. In the remainder of this review, we will consider some of the more 
recent data on new and surprising roles for Src homology domains and on the 
dynamic nature of the complexes they mediate in the course of signaling. 

4 Unconventional Ligands for SH2 and SH3 Domains 

While the great majority of the well-characterized ligands for SH2 and SH3 do
mains have the "conventional" properties outlined above, there are a growing 
number of exceptions that suggest we should keep an open mind when considering 
possible unexpected binding activities for these domains. At the most basic level, we 
can consider that SH2 domains have evolved to bind a concentrated negative 
charge (phosphotyrosine) in a peptide context, while SH3 domains have evolved to 
bind hydrophobic patches on protein surfaces, and it should not be surprising that 
other ligands with these general properties can be accommodated with reasonable 
affinity. 

4.1 Phosphotyrosine-Independent SH2 Binding 

Several proteins have been shown to bind to SH2 domains in the absence of de
tectable phosphotyrosine, including an N-terminal region of BCR to the SH2 do
main of Abl (PENDERGAST et al. 1991; MULLER et al. 1992), and at least two serine/ 
threonine phosphorylated proteins to the SH2 domain of the Src-family kinase Blk 
(MALEK and DESIDERIO 1994; MALEK et al. 1996). In the case of the Blk ligands, the 
binding was shown to be blocked by a phospho tyrosine-containing peptide and by 
phosphotyrosine, and a Blk SH2 domain in which a conserved serine predicted 
from structural studies to interact with phosphotyrosine was mutated failed to 
bind, strongly suggesting that the same site that interacts with conventional ligands 
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is involved in the phospho tyrosine-independent binding. Binding was found to 
depend on phosphorylation, and the ability of a fragment completely lacking ty
rosine residues to bind suggested that phosphoserine and/or phospho threonine 
were essential. 

Specificity for binding phospho tyrosine (as opposed to other phosphoamino 
acids) is thought to be largely due to the distance between the surface of the SH2 
domain and the deeply-buried terminal amino groups of an essential basic residue, 
the so-called "FL VRES" arginine; only the lengthy tyrosine side chain allows the 
phosphate to interact productively with this arginine, whereas serine and threonine 
are too short (WAKSMAN et al. 1992). In addition, in many SH2 domains other 
conserved basic residues make amino-aromatic interactions with the ring of tyro
sine, further stabilizing the binding of phosphotyrosine (W AKSMAN et al. 1992). 
How can the apparently specific binding of proteins phosphorylated on serine or 
threonine be explained? Probably a combination of factors are involved, including 
lower actual affinity than for tyrosine-phosphorylated ligands (the Blk ligands were 
isolated by affinity chromatography, which could allow detection of relatively low
affinity interactions), and favorable peptide context. In fact, the SH2-binding re
gions of the Blk ligand are quite acidic (S/T E E being common), and it is known 
that Src-family SH2 domains such as that of Blk bind most tightly to motifs with 
the consensus Yep) EEl; it seems possible that the high concentration of negative 
charge in the phosphate-glutamate-glutamate region is sufficient for reasonable 
binding due to largely electrostatic interactions. Until such phosphotyrosine-inde
pendent interactions are rigorously shown to be important in vivo, however, they 
will be viewed with some caution. 

4.2 SH2-Inositol Lipid Interactions 

A very different class of ligand with a concentrated negative charge has also been 
shown to bind tightly to some SH2 domains - phosphorylated inositol lipids. 
Cantley's group has shown that the SH2 domains of the p85 subunit of PI-3 kinase 
and of Src bind with reasonably high affinity to phosphatidylinositol (3, 4, 5) 
trisphosphate (PI [3, 4,5] P3) in lipid micelles (RAMEH et al. 1995). This binding was 
partially competed by phenyl phosphate or phosphorylated peptide ligands, sug
gesting that the binding site at least overlaps with that for tyrosine-~'hosphorylated 
ligands; mutation of the "FLVRES" arginine of the SH2 (which b essential for 
binding phosphotyrosine) did not abolish phospholipid binding, ho'ever, sug
gesting that the specific mode of binding was different. As suggested abc; 'e, in the 
case of the Src SH2 it is perhaps not surprising that the multiply-phosphc 'ylated 
inositol head group might bind to a site that normally binds Yep) EEl; hoy, wer, 
the p85 SH2 domains have been shown to bind best to Yep) M x M ~tes 

(SONGY ANG et al. 1993), obviously much more hydrophobic in character. 
One could easily imagine how it might be useful for some SH2 domains to bina 

to products of PI-3 kinase such as PI (3, 4, 5) P3, because these lipids are rapidly 
synthesized following growth factor receptor activation. PI-3 kinase is known to 
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translocate to the membrane via binding of the SH2 domains of its p85 subunit to 
activated growth factor receptors, where it presumably begins to generate a pool of 
3' -phosphorylated inositol lipids in the immediate vicinity of the receptor-PI kinase 
complex. The resulting very high local concentrations of phosphorylated lipid 
would likely lead to dissociation of the p85 SH2 domains from the receptor and 
association with the lipid, even if the absolute affinity for lipid were lower than for 
sites on the receptor. Dissociation of the PI kinase from the receptor might be 
important for it to diffuse freely in the membrane to access substrate, to prevent its 
endocytosis along with the receptor, or to allow other SH2-binding proteins to bind 
to the receptor. 

It is likely that high-affinity binding to inositol lipids is not a general property 
of SH2 domains, but might be a property that evolved out of existing SH2 domains 
to fit the needs of particular proteins. This is reminiscent of the situation of 
Pleckstrin Homology (PH) domains, another modular unit of protein structure 
(MUSACCHIO et al. 1993). While the specific ligands for PH domains are not clear in 
all cases, the PH domain structures determined to date show a large, positively 
charged pocket (FERGUSON et al. 1995). Several PH domains have been shown to 
bind to phosphorylated lipids with varying affinities (HARLAN et al. 1994), and in 
one specific case, the PH domain of PLC-8, quite high affinities for that enzyme's 
substrate (PI (4, 5) P2) are observed (LEMMON et al. 1995). In an ironic twist, PTB 
domains, which are structurally indistinguishable from PH domains although there 
is little if any primary sequence similarity, bind very tightly to some tyrosine
phosphorylated peptides (ZHOU et al. 1995, 1996; Eck et al. 1996). What we are 
seeing probably reflects the working of evolution on successful structural modules, 
where binding specificity for one negatively charged ligand might be broadened or 
altered completely to accommodate other ligands. 

4.3 Unusual SH3 Interactions 

More information is also becoming available about less conventional ligands for 
SH3 domains. As outlined briefly above, until quite recently all SH3 ligands could 
be modeled on short, proline-rich PP-II helical peptides containing a PxxP core 
motif. Recent structures have revealed how regions outside the PxxP core of pro
teins can increase the affinity and discrimination of SH3 binding and revealed the 
first example of a high-affinity SH3-mediated interaction that does not involve a 
proline-rich helical binding peptide. 

The product of the nef gene of HIV and SIV, which is important for efficient 
viral replication, has been shown to bind to the SH3 domains of a subset of Src
family kinases including Hck (SAKSELA et al. 1995). Two features of this interaction 
suggested that it was somewhat different from known SH3-ligand interactions. 
First, pep tides corresponding to the known PxxP region of Nef bound extremely 
poorly to SH3 domains (91 11M Kd ), while the intact protein bound with very high 
affinity (0.25 11M Kd ; LEE et al. 1995). Second, changing a single amino acid in the 
"RT loop" of the Fyn SH3 (Arg 96 to lie), which would not be predicted to interact 
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directly with the PP-II helical binding peptide, converted it from a low-affinity 
binder of nef to a high-affinity binder (a greater than 50-fold increase in affinity; 
LEE et al. 1995). The recent structure of HIV nef complexed to this mutant form of 
Fyn SH3 reveals fairly typical binding to a nef proline-rich helix in the "class 2" 
orientation; however, an additional hydrophobic interaction between the specifi
city-determining isoleucine in the RT loop of the SH3 and a region of nef outside 
the proline-rich helical core was also revealed (LEE et al. 1996). Presumably it is this 
interaction, in the context of the whole nef protein, that confers high-affinity 
binding and specificity for particular SH3 domains. Because mutations in the PxxP 
SH3-binding core of nef render it unable to stimulate HIV replication in primary 
T-cell cultures (SAKSELA et al. 1995), this interaction is a promising target for 
antiviral drug design. 

A much more unusual interaction was seen in the recent structure of a frag
ment of the tumor-suppressor p53 in complex with an SH3-containing protein, 
termed p53BP2. p53BP2 was originally isolated from a yeast two-hybrid screen 
using the DNA-binding core of p53 as the "bait" (IwABucHI et al. 1994), and it 
binds p53 with moderate affinity (~ 30 11M Kct ; GORINA and PAVLETICH 1996). 

Surprisingly, the structure of the complex revealed that although the surface of 
the p53BP2 SH3 domain that is involved in binding is essentially the same as that 
used in more typical SH3-ligand interactions, the region of p53 that it binds looks 
nothing like a PP-II helix; instead it is assembled from two regions of an extended 
loop (GORINA and PAVLETICH 1996). Here we have an example of a binding surface 
adapted to binding one type of ligand (extended, hydrophobic helical peptides) 
evolving to interact with a completely different type of ligand. Like other SH3 
domains the p53BP2 SH3 can bind with high affinity to PxxP ligands, as suggested 
by the ability to isolate such ligands from phage-display libraries (SPARKS et al. 
1996), but it has also evolved a novel ability to interact with p53. Although the p53 
interaction is of relatively low affinity, and significant contributions to the affinity 
are probably made by regions of p53BP2 outside the SH3 domain, mutational data 
suggest that this novel SH3-mediated interaction might playa critical role in the 
biological activity ofp53 (GORINA and PAVLETICH 1996), highlighting the potential 
of other SH3 domains to participate in biologically relevant unconventional 
binding interactions. 

5 Complex and Dynamic Networks of Interactions 

It is well established that SH2- and SH3-mediated interactions are important for 
transmitting signals from tyrosine kinases, and series of interactions such as out
lined above for the receptor-Grb2-Sos-Ras pathway are thought to be critical for 
signal transmission. There is very little concrete data, however, about the range of 
specific complexes actually induced in cells by signals, the relative importance of 
each specific multi protein complex to the signal output, and the kinetics of 
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formation and subcellular distribution of specific pools of complexed proteins. The 
problem lies in the very many possible interactions that can occur, and the ease with 
which it is possible to demonstrate interactions in vitro using purified proteins. If 
hundreds of SH2- and SH3-mediated interactions are possible based on in vitro 
binding studies, what percentage of these actually occur in vivo? If, as all indica
tions suggest, this percentage is large, how can we understand such a complicated 
network of interactions? We will use the example of complexes involving the Cbl 
proto-oncogene to illustrate both the wealth of information available and the dif
ficulties in interpreting this information. 

5.1 Cbl-Adaptor Complexes 

Cbl was originally isolated as a retroviral oncogene, and its cellular homolog 
contains a RING finger motif, a highly basic amino terminus, and a proline-rich 
carboxyl terminus (LANGDON et al. 1989). The cellular proto-oncogene can be 
rendered oncogenic by deletion of the entire C-terminus (leaving just the amino
terminal basic domain; BLAKE et al. 1991) or by a smaller deletion disrupting the 
RING finger (ANDONIOU et al. 1994), and transforming forms Cbl that retain the 
carboxyl terminus are highly tyrosine phosphorylated (ANDONIOU et al. 1994). 
Stimulation of B cells or T cells via their receptors, transformation of hemato
poietic cells with BCR-Abl, or stimulation of other cells types with mitogenic 
growth factors induces the tyrosine phosphorylation of Cbl (BOWTELL and LANG
DON 1995; DE lONG et al. 1995; GDAI et al. 1995; PANCHAMOORTHY et al. 1996; 
REEDQUIST et al. 1996). A homolog of Cbl also emerged from C. elegans screens for 
extragenic suppressors of a weakly inactivating mutation in the Let-23 receptor 
tyrosine kinase (YOON et al. 1995). Because loss-of-function mutations in the Cbl 
homolog, termed Sli-J, restored normal levels of signaling from the crippled re
ceptor (YOON et al. 1995), it is likely that the wild-type Cbl protein normally 
antagonizes receptor signaling. Because Cbl contains proline-rich potential SH3-
binding sequences, and would also be predicted to bind SH2 domains in its tyro
sine-phosphorylated state, a host of possible interactions are possible and in fact 
many signaling proteins have been shown to bind either constitutively or inducibly 
to Cbl. 

Among these Cbl-binding proteins are the SH2/SH3 adaptor proteins Grb2, 
Crk, andoNck (RIVERO-LEZCANO et al. 1994 and refs. below). Like Grb2, Nck and 
Crk both contain a single SH2 domain and at least one SH3 domain. Unlike Grb2, 
however, these two adaptors can themselves induce malignant transformation if 
mutated or inappropriately expressed (MAYER et al. 1988; CHOU et al. 1992; LI et al. 
1992). The interactions between Cbl and the adaptors Grb2 and Crk will be dis
cussed in greater detail. Work from a number of groups has shown that Cbl exists 
in a constitutive complex with Grb2, and that this complex is almost entirely 
mediated by the N-terminal SH3 domain of Grb2 and the proline-rich carboxyl 
terminus of Cbl (MEISNER and CZECH 1995; GDAI et al. 1995; BUDAY et al. 1996; 
PANCHAMOORTHY et al. 1996; SMIT et al. 1996a, b). Therefore a plausible model 
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suggests that Cbl is a Grb2 effector (analogous to Sos) and that receptor auto
phosphorylation induces relocalization of Grb2 and its associated Cbl, whereupon 
Cbl can be phosphorylated by the receptor. In some cases the adaptor Shc (which 
contains an SH2 domain, a phospho tyrosine-binding PTB domain, and tyrosine
phosphorylated sites that bind tightly to the Grb2 SH2) might serve as an inter
mediary between Grb2 and phosphorylated receptor. 

The interaction between Cbl and the Crk adaptor is quite different. In this case 
there is little if any binding of Cbl to the Crk SH3 domains, but tyrosine-phos
phorylated Cbl binds very tightly to the SH2 domain of Crk (DE lONG et al. 1995; 
REEDQUIST et al. 1996; SATTLER et al. 1996; SMIT et al. 1996). Because tyrosine 
phosphorylation is inducible, the Crk-Cbl complex is therefore also inducible and 
only seen after stimulation with various treatments that increase phosphotyrosine. 
This of course raises the question of what proteins might bind the Crk SH3 do
mains in the Cbl-Crk complex. Two interesting Crk SH3 ligands are C3G, a GEF 
for the Ras-like GTP-binding protein Rapl (TANAKA et al. 1994; GOTOH et al. 
1995), and the nonreceptor tyrosine kinase Abl (FELLER et al. 1994; REN et al. 
1994). Rap can be shown to inhibit the effects of activated Ras (KITAYAMA et al. 
1989), so a C3G complex has the potential to positively or negatively affect Ras
mediated signaling. Abl in its mutated forms is oncogenic, whereas overexpression 
of unmutated c-Abl has cytostatic activity (WANG 1993). Crk has been shown to 
modify the kinase activity of Abl when complexed with it by allowing Abl to 
processively phosphorylate proteins that bind tightly to the Crk SH2 (MAYER et al. 
1995). One could therefore imagine that formation of a Cbl-Crk-Abl complex 
might affect both the phosphorylation state of Cbl and the catalytic activity of Abl. 
It is remarkable that all three of these proteins (Cbl, Crk, and Abl) were first 
isolated as oncogenes in acutely transforming retroviruses, suggesting that such 
complexes could be intimately involved in regulating cell proliferation. The Abl 
protein itself has both an SH3 and an SH2 domain, so it is easy to see that the 
number of potentially important interactions in even this relatively simple example 
is enormous (Fig. I). 

5.2 Dynamics of Adaptor-Cbl Interactions 

It must also be remembered that Cbl is by no means the only protein that interacts 
with the Grb2 SH3s or the Crk SH2, and that changes in the content of Cbl 
complexes in different cells over time might be critical for signal transmission. 
Several aspects of the dynamic nature of these complexes have recently been re
ported by Downward's group. The first of these involves the Crk-Cbl complex in 
human PC12 cells treated with the mitogenic growth factor EGF (KHWAJA et al. 
1996). In unstimulated cells, Crk exists in an SH2-mediated complex with the focal 
adhesion protein pl30cas, which is basally phosphorylated on tyrosine. When cells 
are stimulated with EGF, the Crk_p130cas interaction rapidly disappears and is 
replaced with the Crk-Cbl complex. The authors propose that this "hand-off" 
could be due to a higher affinity of phosphorylated Cbl for the Crk SH2 (and/or a 
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Fig. IA-C. Cbl-adaptor complexes during receptor tyrosine kinase signaling. A In unstimulated cells. Cbl 
is complexed with the SH3 domains of the Grb2 adaptor in the cytosol. B Upon binding of growth factor 
to the receptor, the receptor autophosphorylates and Grb2-Cbl complex is recruited to the receptor via 
the SH2 domain of Grb2. Receptor-bound Cbl is phosphorylated on tyrosine residues. C After phos
phorylation, Cbl is released from Grb2 and binds to the SH2 domain of Crk. The SH3 domain of Crk 
may bind to the potential effectors C3G or Abl. The SH3 domains of Grb2 and the proline-rich region of 
Cbl are also free to interact with other ligands 

higher local concentration), although this has not been directly demonstrated and 
other mechanisms are possible. 

Grb2 complexes with Cbl also change over time following stimulation. In one 
study, the SH3-mediated Grb2-Cbl complex in T cells rapidly diminished after 
activation, in parallel with increased tyrosine phosphorylation of Cbl, suggesting 
either that phosphorylated Cbl binds less tightly or that other Grb2 SH3 ligands 
compete for Grb2 binding at the membrane after activation (BUDAY et al. 1996). 
Because Crk binds well to the phosphorylated form of Cbl, we can envision another 
type of "hand-off' in which Grb2 mediates the initial translocation of Cbl to 
membranes resulting in Cbl phosphorylation, whereupon this complex dissociates 
and a new complex is formed with Crk mediated by SH2-phosphotyrosine inter
actions. In another cell type, EGF-treated PCl2 cells, a different picture emerges; in 
this case the amount of Cbl complexed with Grb2 was found to increase approx
imately threefold after stimulation (KHWAJA et al. 1996). None of the Cbl com
plexed with Grb2 was tyrosine-phosphorylated either before or after stimulation, 
consistent with the idea that phosphorylation of Cbl is for some reason incom
patible with Grb2 association. The mechanism whereby stimulation could increase 
the SH3-mediated Grb2 complex is completely obscure, though a similar phe
nomenon has been reported in some cell types for the Grb2-Sos complex so im
portant for Ras activation (BUDAY and DOWNWARD 1993; RAVICHANDRAN et al. 
1995). One possibility is global shifts in the binding equilibria due to changes in 
local concentrations of potential interaction partners that result from the EGF
induced relocalization of SH2-containing proteins and alterations in cell shape. 
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This brief review of the interactions of one potentially important signaling 
protein gives a sense of the difficulties encountered in analyzing these networks. 
Based on published work one can construct a linear pathway of information 
transfer via at least six SH2- or SH3-mediated interactions in response to receptor 
phosphorylation: receptor-7Shc-7Grb2-7Cbl-7Crk-7Abl-7? And this oversimpli
fied view does not take into account dynamic changes over time or the many other 
potential competing interactions at each link in the chain. A major experimental 
hurdle is our inability to measure associations of proteins in intact cells without 
disturbing the system (usually by lysing cells in detergent), so we are limited to 
approaches that either assess what interactions can occur in vitro, or assess the 
effects of disrupting specific complexes or sets of complexes in vivo. A more ap
proachable but still daunting problem is the rigorous analysis of the consequences 
of complex formation; for example, if Grb2-Cbl complexes are important for a 
specific signal is it because the complex leads to the phosphorylation of Cbl, be
cause it brings Cbl into the vicinity of other critical interaction partners, because it 
induces a conformational change in Cbl, or a combination these factors plus others 
not yet imagined? Although there is clearly much to learn, our understanding of the 
general principles of SH2- and SH3-mediated interactions allows these questions to 
be rationally addressed. 

6 Complex Networks of SH3-Mediated Interactions 

In general SH3-mediated interactions are thought to be constitutive and any reg
ulation of such interactions (as in the Cbl/Grb2 or Sos/Grb2 complexes mentioned 
above) is modest. There is mounting evidence, however, that in some cases net
works of SH3-mediated interactions can be quite dynamic and may underlie fun
damental processes such as the spatial organization of the actin cytoskeleton. The 
best-characterized system involving regulated assembly of multiple SH3-containing 
proteins is in activation of the neutrophil oxidase, and this serves as an excellent 
model for how other such systems might operate. 

6.1 Assembly of the Neutrophil Oxidase 

When presented with bacterial lipopolysaccharide or other activators, neutrophils 
rapidly activate a mitochondrial cytochrome oxidase and generate reactive oxygen 
species including superoxide which are used to kill invading microorganisms. A 
number of patients suffering from chronic granulomatous disease (CGD) have 
mutations in genes encoding critical elements in the pathway of assembly of the 
functional oxidase, which has facilitated the identification of the proteins involved. 
These include the mitochondrial oxidase itself (cytochrome b558), which is com
posed of two chains termed p22p1lOX and gp9l phox, and two cytosolic proteins termed 
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p47p11OX and p67phox, each of which contains two SH3 domains and a proline-rich 
region that is a potential SH3-binding site. In addition to these components, the 
small GTP-binding protein Rac appears to be required for activation and another 
SH3-containing protein, p40',hox, is associated with p47phox and p67phox in cell ly
sates (Fig. 2a). 

Binding of an N-terminal domain of p67phox to the membrane oxidase appears 
to be the critical step in activation of the enzyme, and in an in vitro reconstituted 
system high concentrations of recombinant p67phox are sufficient for full activation 
in the absence of p47phox (FREEMAN and LAMBETH 1996). The role of p47p11OX 

appears to be to greatly increase the affinity of p67phox for the oxidase upon acti
vation, thereby triggering assembly of the functional complex (FREEMAN and 
LAMBETH 1996). The presence of SH3 and proline-rich regions in both p47phox and 
p67phox suggested that both intramolecular and intermolecular interactions might 
be involved in regulating the assembly of the complex. This is supported by the 
observation that amphophiles such as arachidonic acid or sodium dodecyl sulfate 
are required for maximal oxidase activity in reconstituted in vitro systems, and can 
unmask the SH3 domains of p47p1lOX (BROMBERG and PICK 1985; SUMIMOTO et al. 
1994). Because phosphorylation of p47phox is likely to be the trigger for assembly of 
the functional complex in vivo (NAUSEEF et al. 1990, 1991; TEAHAN et al. 1990), it is 
thought that amphophiles mimic conformational changes in p47p11OX normally in
duced by phosphorylation that lead to unmasking of its binding activities. 

Studies of SH3-mediated interactions led to a simple model for oxidase as
sembly (LETO et al. 1994; SUMIMOTO et al. 1994; Fig. 2b). It was proposed that in 
resting cells p47phox exists in the cytosol in an inactive "hairpin" conformation with 
at least one of its SH3 domains interacting intramolecularly with its own proline
rich C-terminus. Upon phosphorylation, conformational changes would break the 
intramolecular interactions, leaving the proline-rich region of p47phox free to bind in 
trans to the C-terminal SH3 of p67phox, and the N-terminal SH3 of p47phox to the 
p22p1lOX component of the oxidase on the mitochondrial membrane. In this model 
p47p1lOX serves as an inducible cross-linker whose essential function is to increase the 
affinity of p67p11OX for its target. 

6.2 Revising the Model for Oxidase Assembly 

Over the past several years, data have begun to accumulate that suggest the actual 
situation in vivo is much more complicated than outlined in the simple model 
above. For example, most of the p47phox and p67phox in resting cells appears to be 
already associated in the cytosol in a complex of over 200 kDa (PARK et al. 1994), 
suggesting that complex formation is not simply induced by phosphorylation, but is 
remodeled in a more subtle fashion. Additional activation-inducible binding sites 
between the SH3 domains of p47phox and the N-terminal proline-rich site of 
p67phox, and between the positively charged C-terminus of p47p1lOX (in the vicinity of 
its phosphorylation sites) and p67phox, were also identified (DE MENDEZ et al. 1996). 
In addition a high-affinity binding site for gp9l phox was identified on p47phox, 
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overlapping its phosphorylation site and the second site of interaction with p67phox 

(DE LEO et al. 1996). And if that were not complicated enough, p40"hox (which is 
inessential for oxidase activation in vitro) was found to bind via its own SH3 to the 
C-terminal proline-rich region ofp47phox and in an SH3-independent fashion to the 
N-terminus of p67P/lOX (FUCHS et al. 1995, 1996; ITo et al. 1996; WIENTJES et al. 
1996; Fig. 2c). 

There is not yet a consensus on which interactions are most important for 
biological activity, due to the proliferation of possible interactions and the fact that 
many disparate systems (two-hybrid, GST fusions, filter overlay, surface plasmon 
resonance, phage display, in vivo reconstitutions, etc.) have been used to generate 
the binding data. The most likely model involves a preexisting complex of p47phox, 
p67phox, and p40"hox in resting cells, or perhaps a population of different specific 
complexes in equilibrium with each other; this resting complex or complexes would 
not have high affinity for the membrane oxidase and most likely could not stimulate 
its activity even if present at high concentrations. Phosphorylation of p47phox (and 
perhaps p67phox as well) would trigger a rearrangement of inter- and intramolecular 
interactions in the complex such that it now has a high affinity for the membrane
associated oxidase, and once bound can stimulate the catalytic activity of the ox
idase in the presence of the GTP-bound Rac. Because it is unnecessary for oxidase 
activity in vitro, p40"hox is most likely to playa regulatory role in inhibiting the 
spontaneous activation of the complex, although this has not been directly ad
dressed. 

6.3 Other Complex SH3-Mediated Assembly Processes 

This very well studied system provides a glimpse at how other complex SH3-
mediated assembly processes might be regulated. One area where such regulation is 
almost certain to be involved is in the spatial organization of the actin cytoskeleton, 
which is required for processes such as bud site selection and polarized growth in 
yeast. Like assembly of the neutrophil oxidase, regulation of cytoarchitecture in
volves the inducible assembly of large multiprotein complexes on cell membranes. 
A number of genes encoding proteins containing SH3 domains (or potential pro
line-rich binding sites) have been identified in genetic screens in yeast for proteins 
that affect the location of bud sites or other aspects of morphology and the 

Fig. 2A-C. Assembly of the neutrophil oxidase. A Diagrammatic representation of the four components 
of the oxidase whose interactions are mediated by SH3-proline-rich interactions. SH3 domains are in
dicated, as are proline-rich SH3 binding sites (small black boxes). Hatched box denotes region of p67p1o" 

sufficient for activation of the oxidase in vitro. Asterisks indicate positions of phosphorylation sites on 
p47phox . B Simple model for assembly of the complex. In resting cells p47p1wx is in an inactive confor
mation in which its SH3 domains bind to its proline-rich C-terminal tail. Upon phosphorylation, the 
intramolecular interactions are broken and p47phox can cross-link p67phox and p22pho\ leading to as
sembly of the catalytically active oxidase on the mitochondrial membrane. C Interactions among the 
components of the oxidase complex. Light arrows indicate SH3-proline-rich interactions; dark arrows 
indicate SH3-independent interactions. Data are assembled from references given in text 
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organization of the actin cytoskeleton (CHENEVERT et al. 1992; BAUER et al. 1993; 
HOLTZMAN et al. 1993; BENDER et al. 1996; GOODSON et al. 1996; MATSUI et al. 
1996; TANG and CAl 1996). It is also intriguing that the Rho-family GTPase Cdc42 
is known to be involved in regulating these processes (JOHNSON and PRINGLE 1990), 
reminiscent of the involvement of the Rho family GTPase Rac in assembly of the 
cytosolic oxidase (ABO et al. 1991; KNAUS et al. 1991). Continued genetic analysis, 
especially in combination with more detailed biochemical studies to elucidate 
critical protein-protein interactions, will surely reveal networks of SH3-mediated 
interactions involved in the regulated assembly of the cytoskeleton. 

7 Conclusion 

The realization that the controlled assembly of specific complexes of proteins lies at 
the heart of signal transduction has presented us with extraordinary opportunities 
to identify important players and to rationally modulate signaling pathways. 
Modular domains such as the SH3 and the SH2 are easily identified and have 
predictable behavior that allows the identification of potential interaction partners 
and suggests ways to eliminate binding to assess the importance of potential in
teractions. The fact that both domains recognize short peptide ligands suggests that 
it will ultimately be possible to design high-affinity, cell-permeable inhibitors of 
specific interactions that will be able to modulate the behavior of cells in a variety 
of experimental and clinical settings. The fact that signals emerge from networks of 
proteins, whose associations are mediated by SH2 and SH3 domains, also presents 
conceptual problems to our complete understanding of biological processes. It 
becomes more and more likely that responses to extracellular signals will never be 
simply attributable to a single protein or a single complex, but will actually be a 
consequence of a whole population of dynamic complexes, anyone of which may 
not be essential but which contributes in a subtle way to the overall response. Our 
challenge for the future is to find new approaches to analyze such systems and 
ultimately to understand them to the extent we can predict the behavior of the 
system based on the physical properties of its components. 
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The Phosphotyrosine Binding (PTB) domain is one of the recently described do
mains involved in protein-protein interactions. This domain was initially identified 
in the amino-terminus of the Shc protein (BLAIKIE et al. 1994; KAVANAUGH and 
WILLIAMS 1994; GUSTAFSON et al. 1995) and was subsequently identified in the 
insulin receptor substrate-I (IRS-I) and insulin receptor substrate-2 (IRS-2) pro
teins (GuSTAFSON et al. 1995; SUN et al. 1995). Through database searching it was 
realized that several proteins contain domains related in primary sequence to the 
Shc PTB domain (BORK and MARGOLIS 1995). The structure of the PTB domains is 
described elsewhere in this volume. This review will focus on the role of the PTB 
domain in Shc and IRS-ljIRS-2 signaling and in mediating interaction between 
these domains and phosphotyrosine-containing proteins. We will then discuss the 
function of PTB domains in other proteins. In the past our group has referred to 
these domains as the Phosphotyrosine Interaction Domain (PI D) but for simplicity 
we will refer to them as PTB domains in this review. In any the event the names 
may be misnomers because phosphotyrosine binding does not appear to be a 
universal function for these domains. 

Howard Hughes Medical Institute, Department of Internal Medicine and Biological Chemistry, Uni
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2 She PTB Domain 

The Shc protein was originally cloned using degenerate PCR targeted to identify 
proteins with SH2 domains (Fig. 1). Shc was found to exist as three proteins of 46, 
52 and 66 kDa with an SH2 domain at the carboxy-terminus of all three forms 
(PELICCI et al. 1992). The different forms of the Shc protein were found to arise 
from both differential splicing and alternative translational start sites. In addition 
there are three different genes that encode ShcA, ShcB and ShcC proteins (KAV
ANAUGH and WILLIAMS 1994; PELICCI et al. 1996; O'BRYAN et al. 1996). Shc is 
tyrosine phosphorylated by a large number of tyrosine kinases and once phos
phorylated binds the Grb2jSos complex with high affinity (ROZAKIS-ADCOCK et al. 
1992). The Grb2jSos complex then proceeds to activate Ras, triggering multiple 
signaling cascades. Several groups have determined that the interaction of Shc with 
tyrosine phosphorylated receptors and other signaling proteins is crucial for Shc 
mediated signal transduction. This was perhaps best demonstrated with nerve 
growth factor receptor (NGF-receptor; also known as TrkA) and polyoma middle 

She -{rliPTOi1ii""'"lJ- -@) 

IRS-l -i PH KeJPTB!!:}) -------

xu -----------------«::p~TB~~ 

Numb -( PTB ) 

FE65 s--(c :!Pm!!:JX Pm } 

Disabled ~~~PTB~)r------------~/~ 

mDabl { PTB ) 

p96/mDab2 -( PTB ) 

Fig. 1. Schematic representation of Phosphotyrosine Binding (PTB) domain containing proteins. This 
figure displays the major structural domains found in the PTB domain proteins discussed in this paper. 
Many of these proteins have several isoforms but these are not shown in this figure. For specifics on the 
individual domains see text and related chapters in this volume. PH, Pleckstrin Homology domain; SH2, 
Src Homology 2 domain; PDZ, PSD95, Disks Large, ZOI domain 
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T-antigen (MTAg). The binding site for Shc on NGF-receptor has been identified 
as a sequence motif surrounding tyrosine 490 of NGF-receptor (STEPHENS et al. 
1994; OBERMEIER et al. 1993). Mutation of this site blocked Shc tyrosine phos
phorylation in response to NGF and impaired the ability ofNGF to induce neurite 
extension (STEPHENS et al. 1994; OBERMEIER et al. 1994). Polyoma MTAg trans
forms cells by binding to Src family tyrosine kinases, undergoing tyrosine phos
phorylation and binding to downstream signaling molecules (DILWORTH 1995). 
Studies have demonstrated an important role for Shc binding to polyoma MT Ag at 
a motif surrounding the phosphotyrosine at residue 250. Like Y490 of NGF-re
ceptor, mutation of Y250 blocks the ability of MTAg to bind and induce tyrosine 
phosphorylation of Shc as well as limiting the transforming potential of MT Ag 
(DILWORTH et al. 1994; CAMPBELL et al. 1994). These studies demonstrate the im
portance of these Shc binding sites in Shc tyrosine phosphorylation and down
stream signaling events. The Shc binding sites on both NGF-receptor and MTAg 
are composed of NPXp Y motifs (where N is asparagine, P is proline, X is any 
amino acid and pY is phosphotyrosine; Table 1). Similar tyrosine phosphorylation 
sites can also be found on a variety of other proteins that bind Shc (CAMPBELL et al. 
1994). 

It had been assumed that the SH2 domain of Shc mediated the binding be
tween Shc and growth factor receptors or polyoma MT Ag (DILWORTH et al. 1994; 
OKABAYASHI et al. 1994; BATZER et al. 1994). However, it was also well established 

Table 1. Binding sites for PTB domains 

She PTB binding sites 
NGFR-TrkA (pY490) 
Polyoma MTAg (pY250) 
TrkB (pY5l5) 
TrkC (pYSI6) 
EGFR (pYl148) 
ErbB2 (pYI22) 
ErbB3 (pYI309) 
Flt4 (pYI337) 
Relation to phosphotyrosine 
IRS-1/2 PTB binding sites 
Insulin receptor (pY960) 
IGF-l receptor (pY950) 
I L-4 receptor (p Y 4 75) 
Relation to phosphotyrosine 
XII PTB binding site 
bAPP695 (Y687) 
Other NPXY motifs 
LDL-receptor (Y828) 
Integrin B\ (Y795) 

Q G HI MEN P Qp Y F S 0 
L P S L L S N P Tp Y S V M 
KI PVI ENPQpYFGI 
RI PVI EN PQpYF RQ 
HQI S L DN PDpYQ QD 
F S PAF ON LYpYWDQ 
TDSAF DNPDpYWHS 
GGQVF YNSEpYGEL 
-9 -7-5 -3 -10 +1 +3 

PLY AS S N PEp Y L SA 
VLYAS VNPEpYFSA 
P LV LAD N PAp Y R S F 
-9 -7-5 -3 -10 +1 +3 

QQNGY EN PT YK FF 

NSINFDNPV YQKT 
AVTTVVNPK YEGK 

The binding sites for She, IRS-I/IRS-2 and XII PTB domains are shown. The letters in bold indicate 
residues that are crucial for binding. The relation to the phosphotyrosine indicates the numbering of 
residues amino-terminal (-) and carboxy-terminal ( +) to the phosphotyrosine. No phosphotyrosine is 
involved in the binding of X II PTB to the NPXY peptide on bAPP. Examples of other NPXY motifs that 
could be potential binding partners for PTB or related domains are also shown. The numbered tyrosine 
beside the protein name refers to the tyrosine of the NPXY motif in the human protein. 
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that SH2 domain binding specificity was determined by residues that are carboxy
terminal to the phosphotyrosine and not residues amino-terminal to the 
phosphotyrosine (SONGYANG et al. 1993). This discrepancy was resolved when it 
was realized that Shc had a second domain, the PTB domain, that could interact 
with phosphotyrosine and recognize the NPXp Y motif as its binding site. Our 
group identified this domain by screening a mouse fibroblast bacterial expression 
library with the tyrosine phosphorylated epidermal growth factor (EGF) receptor 
(BLAIKIE et al. 1994). The domain was simultaneously recognized by Kavanaugh 
and Williams, who identified the binding of a 145-kDa tyrosine phosphorylated 
protein to the PTB domain of Shc (KAVANAUGH and WILLIAMS 1994). Additional 
work by GUSTAFSON and colleagues also identified this domain in Shc using the 
insulin receptor in the yeast two hybrid system (GUSTAFSON et al. 1995; see below). 
The PTB domain is conserved in all forms of Shc including the three mammalian 
genes and their isoforms as well as Drosophila Shc (LAI et al. 1995b; BONFINI et al. 
1996). Subsequent studies by several groups using peptide competition, library and 
random peptide screening as well as phosphatase protection assays identified the 
binding specificity of the Shc PTB domain (VAN DER GEER et al. 1995; KAVANAUGH 
et al. 1995; GUSTAFSON et al. 1995; DIKIC et al. 1995; BATZER et al. 1995; TRUB et al. 
1995; PRIGENT et al. 1995; FOURNIER et al. 1996). These studies indicated that the 
sequence binding specificity for the Shc PTB domain was \PXNPXpY (where 'P is a 
hydrophobic residue). The role of the proline in this interaction is at best small and 
the binding site is also sometimes represented as 'PXNXXp Y (LAMINET et al. 1996). 
The binding affinity between the Shc PTB domain and a peptide from NGF
receptor containing the Y 490 site has been measured at approximately 50 nM 
(LAMINET et al. 1996; ZHOU et al. 1995a). 

In order to determine the function of the She PTB domain it was important to 
identify mutations within the domain that reduced binding affinity. Several ap
proaches to this problem were undertaken. VAN DER GEER and coworkers (1996) 
mutated all the arginines within the Shc PTB domain, reasoning that basic residues 
must be critical for eomp1exing with phosphotyrosine. This group identified the 
arginine at residue 175 (R175) of p52 She as being important for the interaction 
with phosphopeptide. Our laboratory used random mutagenesis to identify phe
nylalanine 198 (F198) of p52 Shc as being important for peptide interactions 
(Y AJNIK et al. 1996). Structural analysis of the Shc PTB domain also demonstrated 
that R175 and F198 were crucial for the interaction with the NPXY peptide. This 
analysis revealed that phosphotyrosine interacts with four residues of the PTB 
domain: R175, R169, Sl51 and R67 (ZHOU et al. 1995b). Of these, Rl75 appears to 
be the most important but mutation of S151, R169 or R67 also reduces the in
teraction to a variable extent (ZHOU et al. 1995b; YAJNIK et al. 1996; VAN DER GEER 
et al. 1996). Structural analysis also indicated an important role for F198. This 
residue lies in the carboxy-terminal ot-helix of the Shc PTB domain and interacts 
with both the minus 3 asparagine and minus five hydrophobic residue of the b-turn 
'PXNPXpY peptide (ZHOU et al. 1995b). 

Mutations of F198 or R175 have been used to analyze the role of the PTB 
domain in Shc signaling. Our group has demonstrated an important role for the 
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PTB domain of Shc and its ability to signal downstream of insulin receptor, NGF
receptor and polyoma MTAg (ISAKOFF et al. 1996; Blaikie et al. 1997). Other have 
demonstrated the importance of the PTB domain in GM-CSF and IL-2 signaling 
using both mutations and deletions of the PTB domain (RAVICHANDRAN et al. 1996; 
PRAlT et al. 1996). The role of the SH2 domain in Shc function is not clearly 
understood. It has been presumed that the combination of the SH2 and PTB 
domains promote tyrosine phosphorylation of Shc by many different tyrosine ki
nases. In the case of the EGF-receptor, both the SH2 and PTB domains can bind to 
the receptor. However, our data have shown that the PTB is the major domain 
responsible for binding full length Shc to the EGF-receptor (YAJNIK et al. 1996). 
Expression of the PTB domain alone can act as a dominant negative protein to 
impair signaling. In our hands it blocks transformation by polyoma MT Ag (Blaikie 
et al. 1997) and has been reported to block ZAP-70 signaling (MILIA et al. 1996). 
The SH2 domain has been shown to be involved in mediating the binding of Shc to 
the ~-chain of the T-cell receptor (RAVICHANDRAN et al. 1993). However, in general 
there are very little data supporting the role of the SH2 domain in mediating Shc 
phosphorylation. In contrast several groups have shown that overexpression or 
microinjection of the SH2 domain of Shc blocks EGF mediated cell division 
(GOTOH et al. 1995; RICKElTS et al. 1996). At least one of these studies has shown 
that the SH2 domain is likely to have an effect distinct from its role in Shc phos
phorylation (RICKElTS et al. 1996). 

Although the specific downstream signaling molecules that interact with the 
Shc SH2 domain are unknown, it has been demonstrated that the Shc PTB domain 
does contact other potential signaling molecules. One of these molecules is Ship, a 
phosphatase that hydrolyzes the 5' phosphate from polyphosphoinositides (LIOU
BIN et al. 1996; DAMEN et al. 1996; KAVANAUGH et al. 1996). Ship appears to be one 
of a family of proteins that had been previously identified as Shc binding proteins 
(Lru et al. 1994; SAXTON et al. 1994; CROWLEY et al. 1996; KAVANAUGH and WIL
LIAMS 1994). The Ship protein has an SH2 domain in addition to two \!'XNPXY 
motifs that are likely to be responsible for interactions with Shc. Ship has been 
proposed to be a negative and a positive regulator of cell signaling and further work 
will be necessary to define its role in Shc signaling (KLIPPEL et al. 1997; ONO et al. 
1996). 

3 Insulin Receptor Substrate-l PTB Domain 

An NPXp Y motif also plays an important role in insulin signal transduction. In the 
late 1980s it was realized that a phosphotyrosine containing NPEp Y motif was 
important for many aspects of insulin receptor signal transduction. This 
phospho tyrosine at residue 960 of insulin receptor was essential for the phos
phorylation of the IRS-l protein, an important docking molecule that signals 
downstream of insulin and cytokine receptors (WHITE et al. 1988). It was subse-
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quently realized from the work of Gustafson and colleagues that the amino-ter
minus of IRS-l contained a binding site for the Y960 site and that the Shc PTB 
domain could also bind to this NPEpY motif (GUSTAFSON et al. 1995). Further
more the binding of both Shc and IRS-l was dependent not only on the 
phosphotyrosine residue but also on the asparagine and proline residues within this 
motif. The PTB domain on IRS-l that bound to this NPEp Y motif was defined by 
WHITE and coworkers with the identification of a homologous region in IRS-2 (SUN 
et al. 1995). Two factors indicated that the IRS-l PTB domain functioned slightly 
different than the Shc PTB domain. First there was no significant primary sequence 
similarity between the Shc and IRS-l PTB domains (although several alignments 
were proposed). Second the binding specificity of the IRS-l PTB domain was 
different than the Shc PTB domain (HE et al. 1995; WOLF et al. 1995). While the Shc 
PTB domain bound to the 'l'XNPXp Y motif, the IRS-l PTB domain bound to the 
sequence 'I''I''I'XXNPXpY (Table 1). In contrast to Shc PTB domain, which uti
lizes a hydrophobic amino acid five residues amino-terminal to the phospho tyro
sine, the IRS-l PTB domain utilizes hydrophobic residues minus 6 to minus 8 to 
the phosphotyrosine for binding (ZHOU et al. 1996; ECK et al. 1996). Additionally 
the proline of the NPXp Y motif appears more important for IRS-l than for Shc 
PTB domain binding (WOLF et al. 1995). The sequence surrounding Y960 of the 
insulin receptor as well as similar sites in insulin-like growth factor 1 (IGF-l) 
receptor and interleukin-4 (IL-4) receptor are not high affinity Shc binding sites 
because they do not contain a hydrophobic residue minus five to the phosphoty
rosine. Nonetheless insulin receptor can still phosphorylate Shc and it has been 
demonstrated that PTB domain binding is crucial for this phosphorylation (ISAK
OFF et al. 1996). A hydrophobic residue at the plus 1 position is necessary for the 
interaction of insulin and IGF-l receptor with the Shc PTB domain and explains 
why the IL-4 receptor cannot interact with Shc (ISAKOFF et al. 1996). It has been 
found that mutations around the NPXY motif of the insulin receptor can change 
the binding characteristics of the receptor to favor Shc or IRS-l family members 
(ISAKOFF et al. 1996; VAN DER GEER et al. 1996). Despite these difference in primary 
sequence and binding specificity, a structural analysis of the IRS-I PTB domain 
revealed it to be remarkably similar to the structure of the Shc PTB domain (ZHOU 
et al. 1996; ECK et al. 1996). Like the Shc PTB domain, the structure has a seven 
~-strand sandwich with a carboxy-terminal ex-helix. However, the residues of the 
PTB domain that mediate the interactions with the ~-turn peptide are different for 
IRS-l and Shc. In particular, the amino acids that interact with the phosphoty
rosine are highly divergent. 

The role of the PTB domain in IRS-l function in living cells has not been 
studied as extensively as its role in Shc function. Studies of point mutants that 
eliminate IRS-l PTB domain activity have not been published but studies have 
been performed in which deletions have been made in the PTB domain of IRS-I. 
Deletion of the PTB domain weakens but does not eliminate the phosphorylation 
of IRS-l after insulin stimulation. Equally important for IRS-l phosphorylation is 
the IRS-I PH domain which sits just amino-terminal to the PTB domain (YENUSH 
et al. 1996; MYERS et al. 1995). Thus, as with Shc, the PTB domain appears to 
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promote the interaction ofIRS-l with receptors leading to IRS-l phosphorylation. 
This may be particularly important in cells with low levels of IRS-l/IRS-2 or 
insulin receptor and at low agonist levels. 

4 PTB Domains in Other Proteins 

Upon discovery of the Shc PTB domain, database searches indicated that this 
domain was not unique to Shc (BORK and MARGOLIS 1995). The domain is also 
found in several proteins, some of which are schematically illustrated in Fig. 1. 
Sequence alignment of these PTB domains revealed approximately 15%-30% se
quence identity to the Shc PTB domain. The IRS-l/IRS-2 PTB domains do not 
align with these PTB domains. The PTB domains in the proteins shown in Fig. 1 
(excluding IRS-I) are defined by two absolutely conserved residues: a glycine at 
residue 58 and a serine at residue 151 of p52 Shc. The glycine connects the two 
fragments of the first ~-strand. As such it is a crucial structural component but not 
involved in peptide interactions (ZHOU et al. 1995b). The serine is involved in the 
interaction of the Shc PTB domain with the phosphotyrosine of the NPXp Y 
peptide. Most PTB domains also contain a conserved phenylalanine at the residue 
analogous to F198 ofp52 Shc. The only exception is the PTB domains found in the 
FE65 family of proteins, where the phenylalanine is replaced by a cysteine (Y AJNIK 
et al. 1996). As discussed above, this phenylalanine is crucial for interactions with 
the hydrophobic residue minus five and the asparagine minus three to the 
phosphotyrosine. There are several potential proteins with PTB domains that are 
not displayed in Fig. l. These include putative proteins identified in the expressed 
sequence tag database and via genomic sequencing. 

The delineation of the function of these additional PTB domain containing 
proteins is an area of active investigation. Like SH2 domain proteins, many of these 
appear to be adaptor type proteins containing multiple protein interaction do
mains. A few of the PTB domain proteins have also been defined by genetic ap
proaches in Drosophila melanogaster. These are the PTB domain proteins, Numb 
and Disabled. Their role in Drosophila development will be discussed below. No 
PTB domain proteins have been identified in yeast. 

4.1 FE65 and Xll 

FE65 and X 11 will be described together as their PTB domains appear to share a 
common target, ~-amyloid precursor protein (~APP). FE65 was first described as a 
protein expressed in the nervous system by Russo and coworkers (DUILIO et al. 
1991). Although originally felt to function as a transcriptional activator, 
identification of two PTB domains as well as a WW domain has indicated that 
FE65 functions as a cytoplasmic protein involved in mediating protein interactions 
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(FIORE et al. 1995). WW domains are involved in binding to proline-rich sequences 
in a fashion similar to that seen with SH3 domains (SUDOL et al. 1995; STAUB and 
ROTIN 1996). As with many proteins in the PTB domain family, several genes 
encode members of the FE65 family (GUENETTE et al. 1997). 

XII is a gene that was incidentally identified on chromosome 9 in the search 
for the gene responsible for Friedreich's ataxia (DUCLOS et al. 1993). Although 
originally described as a transmembrane protein, it is a cytoplasmic protein with a 
central PTB and two PDZ domains (BORK and MARGOLIS 1995). PDZ domains are 
also protein-protein interaction domains that in most, but not all cases, interact 
with carboxy-terminal peptide motifs (FANNING and ANDERSON 1996). 

Both FE65 and XII have been identified as proteins that bind to ~APP (FIORE 
et al. 1995; BORG et al. 1996; BRESSLER et al. 1996; McLoUGHLIN and MILLER 1996; 
GUENETTE et al. 1997). ~APP is a protein of unknown function involved in Al
zheimer's disease (SELKOE 1994). It is primarily expressed as three alternatively 
spliced proteins of 770, 751 and 695 amino acids. All forms can be processed to 
~-amyloid, a protein that is deposited in the extracellular space of patient's with 
Alzheimer's disease. The crucial role of ~APP in Alzheimer's disease has been 
confirmed by finding several mutations in the ~APP gene that lead to increased 
processing of ~APP to ~-amyloid and early onset of Alzheimer's disease. The 
binding of FE65 to the intracellular domain of ~APP was first discovered by Russo 
and coworkers, who screened a yeast two hybrid library with the two PTB domains 
of FE65 (FIORE et al. 1995). They found that FE65 not only bound to ~APP but 
also to the related ~APP-like proteins. The binding of FE65 to the intracellular 
domain of ~APP has also been reported by several other groups (BRESSLER et al. 
1996; GUENETTE et al. 1997; McLOUGHLIN and MILLER 1996). Our group screened 
several other PTB domains against !lAPP. We found that the PTB domain of XII 
also bound ~APP but not the PTB domain of p96, Numb or Shc (BORG et al. 1996). 
Additionally we and others narrowed the ~APP binding site to the carboxy-ter
minal PTB domain of FE65. 

The binding of ~APP was intriguing because I3APP contains a YENPTY motif 
within its intracellular domain. This sequence fits with the consensus binding site 
for the Shc PTB domain, namely \PXNPXY. Our group set out to determine if this 
motif was the binding site for the FE65 and Xll PTB domains (BORG et al. 1996). 
Mutation of the amino-terminal tyrosine or the asparagine residue of the YENPTY 
motif blocked the ability of ~APP to bind to XII. Furthermore a 12 mer peptide 
containing the YENPTY motif of ~APP blocked interaction between ~APP and 
XII. A crystal structure of the PTB domain of Xll bound to this 12 mer peptide 
has been solved, indicating that the PTB domain of XII forms the same basic 
structure as the Shc and IRS-l PTB domain and that the YENPTY peptide binds 
into the same site between the carboxy-terminal ex-helix and the ~-sandwich 

(Z. Zhang, C-H. Lee, J-P. Borg, B. Margolis, J. Schlessinger and J. Kuriyan, 
unpublished observations). The case with FE65 is not as clear (BORG et al. 1996). 
Here mutation of the amino-terminal tyrosine but not the asparagine blocked 
interactions between ~APP and FE65. Furthermore, pep tides containing the 
YENPTY site that interfered with XII binding did not affect FE65 binding. This 
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suggests that the FE65 PTB domain binds to a different site on PAPP than XII but 
that the binding site includes at least a portion of the YENPTY motif. 

We have also identified mutations within the PTB domain of XII and FE65 
that interfere with binding to pAPP. These mutations target the residue analogous 
to the F198 residue that severely impairs Shc PTB domain binding. In most PTB 
domains (including XII) this residue is a phenylalanine and mutation of this res
idue reduces the binding ability of the XII PTB domain. In FE65 this phenylala
nine is a cysteine in both PTB domains (Y AJNIK et al. 1996). Nonetheless mutation 
of this cysteine in the carboxy-terminal FE65 PTB domain also impairs its binding 
ability. This indicates that this residue whether it be phenylalanine or cysteine is in a 
crucial position to control interaction with peptides that bind to PTB domains. The 
alteration in this crucial residue may be in part responsible for the different binding 
specificity of XII and FE65. 

A distinct possibility is that FE65 and XII modulate the processing of pAPP. 
The mechanism by which PAPP is processed to p-amyloid is a subject of extensive 
research. PAPP undergoes two types of processing. One involves an enzyme called 
IX-secretase. This protease cuts at a region close to the membrane and excludes the 
production of the proamyloidgenic p-amyloid protein. The other enzyme, p-sec
retase, cuts further from the membrane and is responsible for p-amyloid produc
tion. It is felt that this cleavage occurs intracellularly either as PAPP is making its 
way to the cell surface or after internalization (PEREZ et al. 1996). This internal
ization is dependent, in part, on the YENPTY sequence that controls endocytosis 
of PAPP into clathrin pits (LA! et al. 1995a). Deletion of the YENPTY, the site of 
binding for XII and part of the binding site for FE65, reduces the production of 
p-amyloid from PAPP (Koo and SQUAZZO 1994). Thus it is possible that FE65 or 
XII may be responsible for the internalization of PAPP via the NPXY motif or 
may serve to modulate the internalization. The normal function of PAPP on the cell 
surface is unknown. It has been suggested that PAPP functions as a G-protein
coupled receptor, has a role in internalization of molecules or is involved in cell 
adhesion (OKAMOTO et al. 1995; NORDSTEDT et al. 1993; BEHER et al. 1996). XlI 
and FE65 could playa role in any of these functions. One key to identifying the 
functions of these adaptor proteins will be to isolate partners that bind to the WW 
domain of FE65 and the PDZ domains of XII. 

4.2 Numb 

Numb was originally described as a gene crucial for the development of the sensory 
organ precursor (SOP) cells in Drosophila melanogaster (UEMURA et al. 1989). It 
encodes a protein of 556 amino acids whose only recognizable motif is a PTB 
domain. Numb controls the fate of the cells that arise from the SOP, the precursor 
cell that generates the sensory bristles found on the body of the fly. It divides to 
form the lIa and lIb cells, which then divide to form the four cells that make up the 
external sense organ. Two of these cells, the socket and the hair, come from the lIa 
cell while the sheath and the neuron cell come from the lIb cell. During division of 
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the SOP cell, Numb localizes to the cell membrane on one side of the cell (RHYU 
et al. 1994). This causes all of the Numb to be localized to the lIb cell. In flies 
carrying loss of function Numb alleles, the lIb cells adopt the fate of the IIa cells, 
leading to a duplication of the hair and socket cells (RHYU et al. 1994). Conversely 
when Numb is misexpressed in the IIa cell, this cell develops into sheath and neuron 
cells (RHYU et al. 1994). It has been determined that the PTB domain is not re
sponsible for the localization of Numb to the lIb daughter cell. However, the PTB 
domain is crucial in the effector role of Numb in that daughter cell (FRISE et al. 
1996). 

It has been proposed that the major function of the Numb PTB domain is to 
antagonize signaling by the Notch receptor (Guo et al. 1996). Activated Notch has 
the same effect as lack of Numb function, causing the lIb cells to adopt the fate of 
IIa cells. Notch is present in both IIa and lIb cells but its signaling in lIb cells 
may be attenuated by the presence of Numb (FRISE et al. 1996). In transfected 
Drosophila Schneider S2 cells, the protein suppressor of Hairless, SuCH), is localized 
to the nucleus but if it iscoexpressed with Notch it localizes to the cytoplasm 
(FORTINI and ARTAVANIS-TsAKONAS 1994). If the Notch receptor is activated by 
ligand, SuCH) moves to the nucleus. Overexpression of Numb antagonizes the 
agonist induced movement of SuCH) and this effect is dependent on an intact Numb 
PTB domain. In a mammalian neural crest cell line, MONC-l, mouse Numb 
overexpression promotes differentiation towards a neuronal cell fate while over
expression of the Numb PTB domain alone inhibits neuronal differentiation (VERDI 
et al. 1996). 

Biochemical evidence suggests that the Numb PTB domain may mediate direct 
binding of Drosophila Numb to Notch (Guo et al. 1996). Similar findings were 
reported with mouse Numb and mammalian Notch (ZHONG et al. 1996). However, 
further biochemical studies of this interaction will be necessary to define the sites of 
interaction. It is interesting that Notch does not contain a conserved NPXY or 
related motif that has been described as the binding site for PTB domains of XII 
and Shc. It is also important to note that these interactions between Numb and 
Notch have been demonstrated in the yeast two hybrid system, suggesting that 
phosphotyrosine is not involved. In contrast, it has been reported that Numb PTB 
domain can bind phospho tyrosine-containing proteins from lysates of v-src 
transformed cells (VERDI et al. 1996). 

4.3 Disabled and p96 

Disabled was identified in Drosophila as an enhancer of the phenotype seen in flies 
deficient for Drosophila abl. The abl gene encodes a tyrosine kinase that when 
disrupted in Drosophila leads to lethality in adult flies (HENKEMEYER 1987). Haplo
insufficiency of the disabled gene enhances the phenotype of abl deficient flies 
leading to embryonic lethality (GERTLER et al. 1989). The Abl and Disabled protein 
are tyrosine phosphorylated in Drosophila tissue culture cells but it is not clear if 
Disabled is a substrate of Abl. The PTB domain of Disabled is closely related to the 
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PTB domain of the p96 protein, a protein that is phosphorylated on serine residues 
following stimulation of mouse macrophages with CSF-I (Xu et al. 1995). A 
fragment of p96 had been previously identified as the DOC-2 gene, a gene expressed 
in normal human ovarian epithelial cells but possibly deficient in ovarian carci
noma (MoK et al. 1994). There are several splice variants of the p96 proteins and 
some have referred to this gene as mouse Disabled 2 (mDab2; HOWELL et al. 1997). 

Recently COOPER and coworkers (HOWELL et al. 1997) have isolated a mouse 
protein that they refer to as mouse Disabled I (mDabl). It is highly related to the 
mDab2 family of proteins. The mDabl gene has multiple spliced forms, yielding 
proteins of 555,271 and 217 amino acids in neuronal and hematopoietic cells. The 
PTB domain ofmDabl is 63% identical to the p96jmDab2 PTB domain and 52% 
related to Drosophila Disabled. However, both mDabl and p96jmDab2 are much 
smaller proteins than Drosophila Disabled and it is not yet clear if they represent 
true homologues. Nonetheless, the mDabl protein, like Drosophila Disabled, ap
pears to have an important role in neuronal development. The protein is tyrosine 
phosphorylated before and during neurite extension in differentiating PI9 em
bryonal carcinoma cells. It has been found that the PTB of mDabl binds to 
phospho tyrosine proteins from mouse embryonic brain. Mutations of the arginine 
analogous to R67 of p52 Shc reduces the ability of this PTB domain to interact with 
these, as of yet unidentified, phospho tyrosine containing proteins. This suggests 
that, like Shc and IRS-I, the mDabl PTB domain might playa role in phospho
tyrosine dependent interactions. 

5 Perspective 

In summary the PTB domain represents a new protein-protein interaction domain 
that interacts with peptide sequences. The PTB domain is structurally highly related 
to PH domains. It is possible that PH domains are the evolutionary forerunners of 
PTB domains as PH domains, but not PTB domains, are found in yeast. The 
function of PH domains is still a matter of intense investigation but a consensus has 
emerged that these domains are involved in binding polar head groups of 
phosphoinositides and inositol phosphates (LEMMON et al. 1996). Although PH 
domains are quite divergent in primary sequence they tend to share a positively 
charged region at the base of their structure that binds polyphosphoinositides. The 
binding site for peptides on PTB domains sits on the opposite side of the structure 
that PH domains use to bind phosphoinositides. It might be hypothesized that the 
PH domain was present first in evolution and over time evolved to acquire peptide 
binding activity leading to the creation of PTB domains. It is not surprising then 
that the Shc PTB domain has the ability to bind both peptides and 
phosphoinositides (ZHOU et al. 1995b). 

One of the major problems with the PTB domains is nomenclature. While our 
group and others have referred to them as phosphotyrosine interaction domain, 
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most groups have referred to them as phosphotyrosine binding domains. Despite 
this multiplicity of names, the basic concept that these domains bind phosphotyro
sine as a common target is on uncertain ground. Clearly the Shc and IRS-l PTB 
domains bind phospho tyrosine and it is possible that the PTB domain from mDabl 
does the same. However, for FE65 and XII the available data suggest that 
phosphotyrosine is not involved in the interaction. The data best support the hy
pothesis that PTB domains are involved in both phosphotyrosine dependent and 
independent binding. In fact there are reports of phosphotyrosine independent 
interactions for the Shc PTB domain (CHAREST et al. 1996). The data with the 
Numb PTB domain are somewhat contradictory, supporting both phosphotyrosine 
dependent and phosphotyrosine independent interactions. Nontheless, Numb 
represents one of the best models for understanding this issue as candidates that 
bind the PTB domain of Numb in vitro can be tested for biological activity in 
Drosophila development. While the issue of phospho tyrosine dependent binding is 
still unclear, many of the known ligands for PTB domains form a ~-turn structure. 
This ~-turn allows the ligand multiple interactions between the ~-sandwich and 
carboxy-terminal ex-helix of the PTB domain. Many proteins have potential ~-turn 
motifs including members of the LDL and integrin receptor familes (CHEN et al. 
1990; Table 1). Future work will determine if this ~-turn motif is the common 
denominator in proteins that bind to PTB domains. 

Note added in proof Recent work has identified a protein downstream of F6F. Receptor with a PTB 
domain 5 elated to IRS-I (KOUHARA et aI., Cell 89, 693, 1997) and further studies on the binding 
specificity of the Numb PTB domain have been published (LIE et al. Proc Nat! Acad Sci 94:7204, 1997) 

References 

Batzer AG, Rotin D, Urena JM, Skolnik EY, Schlessinger J (1994) Hierarchy of binding sites for Grb2 
and Shc on the epidermal growth factor receptor. Mol Cell Bioi 14:5192-5201 

Batzer AG, Blaikie P, Nelson K, Schlessinger J, Margolis B (1995) The phosphotyrosine interaction 
domain of Shc binds an LXNPXY motif on the epidermal growth factor receptor. Mol Cell Bioi 
15:4403-4409 

Beher D, Hesse L, Masters CL, Multhaup G (1996) Regulation of amyloid protein precursor (APP) 
binding to collagen and mapping of the binding sites on APP and collagen type 1. J Bioi Chem 
271: 1613-1620 

B1aikie P, Immanuel D, Wu J, Li N, Yajnik V, Margolis B (1994) A region in Shc distinct from the SH2 
domain can bind tyrosine phosphorylated growth factor receptors. J Bioi Chem 269:32031-32034 

Blaikie P, Fournier E, Dilworth SM, Birnbaum D, Borg JP, Margolis B The role of the Shc Phospho
tyrosine interactionjphosphotyrosine binding, domain and tyrosine phosphorylation sites in polyoma 
middle Tantigen-mediated cell transformation 

Bonfini L, Migliaccio E, Pelicci G, Lanfrancone L, Pelicci PG (1996) Not all Shc's roads lead to Ras. 
Trends Biochem Sci 21:257-261 

Borg JP, Ooi J, Levy E, Margolis B (1996) The phosphotyrosine interaction domains of XII and FE65 
bind to distinct sites on the YENPTY motif of amyloid precursor protein. Mol Cell Bioi 16:6229-6241 

Bork P, Margolis B (1995) A phosphotyrosine interaction domain. Cell 80:693-694 
Bressler SL, Gray MD, Sopher BL, Hu QB, Hearn MG, Pham DG, Dinulos MB, Fukuchi KI, Sisodia 

SS, Miller MA, Disteche CM, Martin GM (J 996) cDNA cloning and chromosome mapping of the 



Function of PTB Domains 35 

human FE65 gene - interaction of the conserved cytoplasmic domains of the human ~-amyloid 
precursor protein and its homologues with the mouse FE65 protein. Hum Mol Genet 5:1589-1598 

Campbell KS, Ogris E, Burke B, Su W, Auger KR, Druker BJ, Schaftbausen BS, Roberts TM, Pallas DC 
(1994) Polyoma middle tumor antigen interacts with SHC protein via the NPTY (Asn-Pro-Thr-Tyr) 
motif in middle tumor antigen. Proc Nat! Acad Sci USA 91:6344--6348 

Charest A, Wagner J, Jacob S, McGlade CJ, Tremblay ML (1996) Phosphotyrosine-independent binding 
of SHC to the NPLH sequence of murine protein-tyrosine phosphatase-PEST. Evidence for extended 
phospho tyrosine binding/phospho tyrosine interaction domain recognition specificity. J Bioi Chern 
271:8424--8429 

Chen WJ, Goldstein JL, Brown MS (1990) NPXY, a sequence often found in cytoplasmic tails, is required 
for coated pit-mediated internalization of the low density lipoprotein receptor. J Bioi Chern 265:3116-
3123 

Crowley MT, Harmer SL, DeFranco AL (1996) Activation-induced association of a 145-kDa tyrosine
phosphorylated. J Bioi Chern 271: 1145-1152 

Damen lE, Liu L, Rosten P, Humphries RK, Jefferson AB, Majerus PW, Krystal G (1996) The 145-kDa 
protein induced to associate with Shc by multiple cytokines is an inositol tetraphosphate and 
phosphatidylinositol 3,4,5-triphosphate 5-phosphatase. Proc Natl Acad Sci USA 93:1689-1693 

Dikic I, Batzer AG, Blaikie P, Obermeier A, Ullrich A, Schlessinger J, Margolis B (1995) Shc binding to 
nerve growth factor receptor is mediated by the phospho tyrosine interaction domain. J Bioi Chern 
270:15125-15129 

Dilworth SM (1995) Polyoma virus middle T antigen: meddler or mimic? Trends MicrobioI3:31-35 
Dilworth SM, Brewster CEP, Jones MD, Lanfrancone L, Pelicci G, Pelicci PG (1994) Transformation by 

polyoma virus middle T -antigen involves the binding and tyrosine phosphorylation of Shc. Nature 
367:87-90 

Duclos F, Boschert U, Sirugo G, Mandel JL, Hen R, Koenig M (1993) Gene in the region of the 
Friedreich ataxia locus encodes a putative transmembrane protein expressed in the nervous system. 
Proc Natl Acad Sci USA 90:109-113 

Duilio A, Zambrano N, Mogavero AR, Ammendola R, Cimino F, Russo T (1991) A rat brain mRNA 
encoding a transcriptional activator homologous to the DNA binding domain of retroviral integrases. 
Nucleic Acids Res 19:5269-5274 

Eck MJ, Dhe Paganon S, Trub T, Nolte RT, Shoelson SE (1996) Structure of the IRS-I PTB domain 
bound to the juxtamembrane region of the insulin receptor. Cell 85:695-705 

Fanning AS, Anderson JM (1996) Protein-protein interactions - PDZ domain networks. CUff Bioi 
6: 1385-1388 

Fiore F, Zambrano N, Minopoli G, Donini V, Duilio A, Russo T (1995) The regions of the Fe65 protein 
homologous to the phosphotyrosine interaction/phospho tyrosine binding domain of Shc bind the 
intracellular domain of the Alzheimer's amyloid precursor protein. J Bioi Chern 270:30853-30856 

Fortini ME, Artavanis-Tsakonas S (1994) The suppressor of hairless protein participates in notch re
ceptor. Cell 79:273-282 

Fournier E, Rosnet 0, Marchetto S, Turck CW, Rottapel R, Pelicci PG, Birnbaum D, Borg JP (1996) 
Interaction with the phosphotyrosine binding domain/phosphotyrosine interacting domain of SHC is 
required for the transforming activity of the FL T4jVEGFR3 receptor tyrosine kinase. J Bioi Chern 
271:12956-12963 

Frise E, Knoblich JA, Younger-Shepherd S, Jan L Y, Jan YN (1996) The Drosophila Numb protein 
inhibits signaling of the Notch receptor during cell-cell interaction in sensory organ lineage. Proc Nat! 
Acad Sci USA 93:11925-11932 

Gertler FB, Bennett RL, Clark MJ, Hoffmann FM (\989) Drosophila abl tyrosine kinase in embryonic 
CNS axons: a role in axonogenesis is revealed through dosage-sensitive interactions with disabled. 
Cell 58:103-113 

Gotoh N, Muroya K, Hattori S, Nakamura S, Chida K, Shibuya M (1995) The SH2 domain of Shc 
suppresses EGF-induced mitogenesis in a dominant negative manner. Oncogene 11:2525-2533 

Guenette SY, Chen J, londro PD, Tanzi RE (1997) Association of a novel human FE65-like protein with 
the cytoplasmic domain of the beta-amyloid precursor protein. Proc Natl Acad Sci USA 93:10832-
10837 

Guo M, Jan L Y, Jan YN (1996) Control of daughter cell fates during asymmetric division interaction of 
numb and notch. Neuron 17:27-41 

Gustafson T A, He W, Craparo A, Schaub CD, O'Neill TJ (1995) Phosphotyrosine-dependent interaction 
of Shc and IRS-I with the NPEY motif of the insulin receptor via a novel (non-SH2) domain. Mol 
Cell Bioi 15:2500-2508 



36 J-P. Borg and B. Margolis 

He W, O'Neill TJ, Gustafson TA (1995) Distinct modes of interaction of SHC and insulin receptor 
substrate-I with the insulin receptor NPEY region via non-SH2 domains. J BioI Chern 270:23258-
23262 

Howell BW, Gertler FB, Cooper JA (1997) Mouse disabled (mDabl): a src binding protein implicated in 
neuronal development. EMBO J 16:121-132 

Henkemeyer MJ, Gertler FB, Goodman W, Hoffman FM (1987) The Drosophila Abelson proto-onco
gene homolog: identification of mutant alleles that have pleiotropic effects late in development. Cell 
51:821-828 

Isakoff SJ, Yu Y-P, Su Y-C, Blaikie P, Yajnik Y, Rose E, Weidner KM, Sachs M, Margolis B, Skolnik 
EY (1996) The Shc PTB/PI domain is required for Shc tyrosine phosphorylation by the Insulin 
Receptor (IR) and recognizes an NPXY motif on the IR that is distinct from IRS-I in vivo. J BioI 
Chern 271:3959-3962 

Kavanaugh WM, Williams LT (1994) An alternative to SH2 domains for binding tyrosine-phosphory
lated proteins. Science 266: 1862-1865 

Kavanaugh WM, Turck CW, Williams LT (1995) PTB domain binding to signaling proteins through a 
sequence motif containing phosphotyrosine. Science 268: 1177-1179 

Kavanaugh WM, Pot DA, Chin SM, Deuter-Reinhard M, Jefferson AB, Norris FA, Masiarz FR, 
Cousens LS, Majerus PW, Williams LT (1996) Multiple forms of an inositol polyphosphate 
5-phosphatase form signaling complexes with Shc and Grb2. Curr BioI 6:438-445 

Klippel A, Kavanaugh WM, Pot D, Williams LT (1997) A specific product of phosphatidylinositol 
3-kinase directly activates the protein kinase Akt through its pleckstrin homology domain. Mol Cell 
Bioi 17:338-344 

Koo EH, Squazzo SL (1994) Evidence that production and release of amyloid beta-protein involves the 
endocytic pathway. J Bioi Chern 269:17386-17389 

Lai A, Sisodia SS, Trowbridge IS (1995a) Characterization of sorting signals in the beta-amyloid pre
cursor protein cytoplasmic domain. J BioI Chern 270:3565-3573 

Lai KM, Olivier JP, Gish GD, Henkemeyer M, McGlade J, Pawson T (l995b) A Drosophila shc gene 
product is implicated in signaling by the DER receptor tyrosine kinase. Mol Cell BioI 15:4810-
4818 

Laminet AA, Apell G, Conroy L, Kavanaugh WM (1996) Affinity, specificity, and kinetics of the in
teraction of the SHC phosphotyrosine binding domain with asparagine-X-X-phosphotyrosine motifs 
of growth factor receptors. J BioI Chern 271 :264-269 

Lemmon MA, Ferguson KM, Schlessinger J (1996) PH domains: diverse sequences with a common fold 
recruit signaling molecules to the cell surface. Cell 85:621--{)24 

Lioubin MN, Algate PA, Tsai S, Carlberg K, Aebersold A, Rohrschneider LR (1996) pl50Ship, a signal 
transduction molecule with inositol polyphosphate-5-phosphatase activity. Genes Dev 10:1084-1095 

Liu L, Damen JE, Cutler RL, Krystal G (1994) Multiple cytokines stimulate the binding of a common 
145-kilodalton protein to Shc at the Grb2 recognition site of Shc. Mol Cell BioI 14:6926-6935 

McLoughlin DM, Miller CCJ (1996) The intracellular cytoplasmic domain of the Alzheimer's disease 
amyloid precursor protein interacts with phosphotyrosine-binding domain proteins in the yeast two
hybrid system. FEBS Lett 397:197-200 

Milia E, Di Somma MM, Baldoni F, Chiari R, Lanfrancone L, Pelicci PG, Telford JL, Baldari CT (1996) 
The aminoterminal phosphotyrosine binding domain of Shc associates with ZAP-70 and mediates 
TCR dependent gene activation. Oncogene 13:767-775 

Mok SC, Wong KK, Chan RK, Lau CC, Tsao SW, Knapp RC, Berkowitz RS (1994) Molecular cloning 
of differentially expressed genes in human epithelial ovarian cancer. Gynecol Oncol 52:247-252 

Myers MG Jr, Grammer TC, Brooks J, Glasheen EM, Wang LM, Sun XJ, Blenis J, Pierce JH, White MF 
(1995) The pleckstrin homology domain in insulin receptor substrate-I sensitizes insulin signaling. J 
Bioi Chern 270:11715-11718 

Nordstedt C, Caporaso GL, Thyberg J, Gandy SE, Greengard P (1993) Identification of the Alzheimer 
beta/A4 amyloid precursor protein in c1athrin-coated vesicles purified from PCI2 cells. J Bioi Chern 
268:608-612 

Obermeier A, Lammers R, Wiesmuller KH, Jung G, Schlessinger J, Ullrich A (1993) Identification ofTrk 
binding sites for SHC and phosphatidylinositol 3'-kinase and formation of a multimeric signaling 
complex. J BioI Chern 268:22963-22966 

Obermeier A, Bradshaw RA, Seedorf K, Choidas A, Schlessinger J, Ullrich A (1994) Neuronal differ
entiation signals are controlled by nerve growth factor receptor/Trk binding sites for SHC and PLC 
gamma. EMBO J 13:1585-1590 



Function of PTB Domains 37 

O'Bryan JP, Songyang Z, Cantley L, Der CJ, Pawson T (1996) A mammalian adaptor protein with 
conserved Src homology 2 and phosphotyrosine-binding domains is related to Shc and is specifically 
expressed in the brain. Proc Natl Acad Sci USA 93:2729-2734 

Okabayashi Y, Kido Y, Okutani T, Sugimoto Y, Sakaguchi K, Kasuga M (1994) Tyrosines 1148 and 
1173 of activated human epidermal growth factor receptors are binding sites of Shc in intact cells. J 
Bioi Chern 269:18674--18678 

Okamoto T, Takeda S, Murayama Y, Ogata E, Nishimoto I (1995) Ligand-dependent G protein coupling 
function of amyloid transmembrane precursor. J Bioi Chern 270:4205-4208 

Ono M, Bolland S, Tempst P, Ravetch JV (1996) Role of the inositol phosphatase ship in negative 
regulation of the immune system by the receptor Fc-gamma-rIIb. Nature 383:263-266 

Pelicci G, Lanfrancone L, Grignani F, McGlade J, Cavallo F, Forni G, Nicoletti I, Pawson T, Pelicci PG 
(1992) A novel transforming protein (SHC) with an SH2 domain is implicated in mitogenic signal 
transduction. Cell 70:93-104 

Pelicci G, Dente L, De Giuseppe A, Verducci Galletti B, Giuli S, Mele S, Vetriani C, Giorgio M, Pandolfi 
PP, Cesareni G, Pelicci PG (1996) A family of Shc related proteins with conserved PTB, CHI and 
SH2 regions. Oncogene 13:633-641 

Perez RG, Squazzo SL, Koo EH (1996) Enhanced release of amyloid beta-protein from codon 670/671. J 
Bioi Chern 271:9100--9107 

Pratt JC, Weiss M, SieffCA, Shoelson SE, BurakoffSJ, Ravichandran KS (1996) Evidence for a physical 
association between the Shc-PTB domain and the beta c chain of the granulocyte-macrophage colony
stimulating factor receptor. J Bioi Chern 271:12137-12140 

Prigent SA, Pillay TS, Ravichandran KS, Gullick WJ (1995) Binding of Shc to the NPXY motif is 
mediated by its N-terminal domain. J Bioi Chern 270:22097-22100 

Ravichandran KS, Lee KK, Songyang Z, Cantley LC, Burn P, Burakoff SJ (1993) Interaction of Shc with 
the zeta chain of the T cell receptor upon T. Science 262:902-905 

Ravichandran KS, Igras V, Shoelson SE, Fesik SW, Burakoff SJ (1996) Evidence for a role for the 
phosphotyrosine-binding domain ofShc in interleukin 2 signaling. Proc Natl Acad Sci USA 93:5275-
5280 

Rhyu MS, Jan L Y, Jan YN (1994) Asymmetric distribution of numb protein during division of the 
sensory organ precursor cell confers distinct fates to daughter cells. Cell 76:477-491 

Ricketts WA, Rose OW, Shoelson S, Olefsky JM (1996) Functional roles of the Shc phosphotyrosine 
binding and Src homology 2 domains in insulin and epidermal growth factor signaling. J Bioi Chern 
271:26165-26169 

Rozakis-Adcock M, McGlade J, Mbamalu G, Pelicci G, Daly R, Li W, Batzer A, Thomas S, Brugge J, 
Pelicci PG, Schlessinger J, Pawson T (1992) Association of the Shc and Grb2/Sem5 SH2-containing 
proteins is implicated in activation of the Ras pathway by tyrosine kinases. Nature 360:689-692 

Saxton TM, Van Oostveen I, Bowtell 0, Aebersold R, Gold MR (1994) B cell antigen receptor cross
linking induces phosphorylation. J Immunol 153:623-636 

Selkoe OJ (1994) Cell biology of the amyloid beta-protein precursor and the mechanism of Alzheimer's 
disease. Annu Rev Cell Bioi 10:373-403 

Songyang Z, Shoelson SE, Chaudhuri M, Gish G, Pawson T, Haser WG, King F, Roberts T, Ratnofsky 
S, Lechleider RJ, Neel BG, Birge RB, Fajardo JE, Chow MM, Hanafusa H, Schaffhausen B, Cantley 
LC (1993) SH2 domains recognize specific phosphopeptide sequences. Cell 72:767-778 

Staub 0, Rotin 0 (1996) WW domains. Structure 4:495-499 
Stephens RM, Loeb OM, Copeland TO, Pawson T, Greene LA, Kaplan DR (1994) Trk receptors use 

redundant signal transduction pathways involving SHC and PLC-gamma I to mediate NGF re
sponses. Neuron 12:691-705 

Sudol M, Chen HI, Bougeret C, Einbond A, Bork P (1995) Characterization of a novel protein-binding 
module - the WW domain. FEBS Lett 369:67-71 

Sun XJ, Wang L-M, Zhang Y, Yenush L, Myers MG, Glasheen E, Lane WS, Pierce JH, White MF 
(1995) Role of IRS-2 in insulin and cytokine signalling. Nature 377:173-177 

Trub T, Choi WE, Wolf G, Ottinger E, Chen Y, Weiss M, Shoelson SE (1995) Specificity of the PTB 
domain of Shc for beta turn-forming pentapeptide motifs amino-terminal to phospho tyrosine. J Bioi 
Chern 270:18205-18208 

Uemura T, Shepherd S, Ackerman L, Jan LY, Jan YN (1989) numb, a gene required in determination of 
cell fate during sensory organ formation in Drosophila embryos. Cell 58:349-360 

Van der Geer P, Wiley S, Lai VK-M, Olivier JP, Gish GO, Stephens R, Kaplan 0, Shoelson S, Pawson T 
(1995) A conserved amino-terminal Shc domain binds to phospho tyrosine motifs in activated re
ceptors and phosphopeptides. Curr Bioi 5:404-412 



38 J-P. Borg and B. Margolis: Function of PTB Domains 

Van der Geer P, Wiley S, Gish GO, Lai VK, Stephens R, White MF, Kaplan 0, Pawson T (1996) 
Identification of residues that control specific binding of the Shc phospho tyrosine-binding domain to 
phosphotyrosine sites. Proc Nat! Acad Sci USA 93:963-968 

Verdi JM, Schmandt R, Bashirullah A, Jacob S, Salvino R, Craig CC, Amgen EST Program, Lipshitz 
HD, McGlade CJ (1996) Mammalian Numb is an evolutionarily conserved signaling adapter protein 
that specifies cell fate. Curr Bioi 6: 1134--1145 

White MF, Livingston IN, Backer JM, Lauris V, Dull TJ, Ullrich A, Kahn CR (1988) Mutation of the 
insulin receptor at tyrosine 960 inhibits signal transmission but does not affect its tyrosine kinase 
activity. Cell 54:641-649 

Wolf G, Trub T, Ottinger E, Groninga L, Lynch A, White MF, Miyazaki M, Lee J, Shoelson SE (1995) 
PTB domains of IRS-I and Shc have distinct but overlapping binding specificities. J Bioi Chern 
270:27407-27410 

Xu XX, Yang W, Jackowski S, Rock CO (1995) Cloning ofa novel phosphoprotein regulated by colony
stimulating factor I shares a domain with the Drosophila disabled gene product. J Bioi Chern 
270:14184--14191 

Yajnik V, Blaikie P, Bork P, Margolis B (1996) Identification of residues within the Shc phospho tyrosine 
binding/phosphotyrosine interaction domain crucial for phosphopeptide interaction. J Bioi Chern 
271:1813-1816 

Yenush L, Makati KJ, Smithhall J, Ishibashi 0, Myers MG, White MF (1996) The pleckstrin homology 
domain is the principle link between insulin receptor and IRS-I. J Bioi Chern 271:24300-24306 

Zhong WM, Feder IN, Jiang MM, Jan LY, Jan YN (1996) Asymmetric localization of a mammalian 
numb homolog during mouse cortical neurogenesis. Neuron 17:43-53 

Zhou MM, Harlan JE, Wade WS, Crosby S, Ravichandran KS, Burakoff SJ, Fesik SW (l995a) Binding 
affinities of tyrosine-phosphorylated pep tides to the COOH-terminal SH2 and NH2-terminal 
phosphotyrosine binding domains of Shc. J Bioi Chern 270:31119-31123 

Zhou MM, Ravichandran KS, Olejniczak EF, Petros AM, Meadows RP, Sattler M, Harlan JE, Wade 
WS, Burakoff SJ, Fesik SW (1 995b ) Structure and ligand recognition of the phosphotyrosine binding 
domain of Shc. Nature 378:584--592 

Zhou MM, Huang B, Olejniczak ET, Meadows RP, Shuker SB, Miyazaki M, Trub T, Shoelson SE, Fesik 
SW (1996) Structural basis for IL-4 receptor phosphopeptide recognition by the IRS-I PTB domain. 
Nat Struct Bioi 3:388-393 



Pleckstrin Homology Domains 
M.A. LEMMON and K.M. FERGUSON 

2 

3 

Introduction . . . . 

PH Domains Show Considerable Diversity in Both Sequence and Location 

PH Domain Structure . . 

4 The Ligands of PH Domains . . . . . . . . 
4.1 PH Domain Binding to G~y-Subunits: The ~ARK PH Domain . 
4.2 Protein Kinase C Isoforms as PH Domain Ligands ... 
4.3 Phosphoinositides as PH Domain Ligands . 

39 

40 

44 

48 
50 
51 
51 

5 Studies of PH Domain Function and its Correlation with Ligand Binding 53 
5.1 The Btk PH Domain. . . . . . . . . . 53 
5.2 The ~ARK PH Domain: Coordinate Binding to G~y and Phosphoinositides 55 
5.3 The PH Domain in Membrane Association of ~G-Spectrin . . . . . . 55 
5.4 PH Domains in Intracellular Targeting of Guanine Nucleotide Exchange Factors 56 
5.5 Participation of the IRS-I PH Domain in Recruitment to the Activated Insulin Receptor. 58 
5.6 The PH Domain of Dynamin-I in Rapid Endocytosis. . . . 59 
5.7 Specific PH Domain Binding to PtdIns (4,5) p": The PLC-b, PH Domain . 60 
5.8 Recruitment of PH Domain-Containing Proteins to the Membrane by Interaction 

with 3-Phosphorylated Phosphoinositides. . . . . . . . 64 
5.8.1 Akt Activation by PH Domain Binding to PtdIns (3,4) p" . 64 
5.8.2 PH Domain-Mediated Recruitment of Proteins Containing Sec7 Homology Regions 65 

6 Conclusions: General Statements about PH Domains and Their Ligands. 

References . . . 

1 Introduction 

67 

69 

Pleckstrin homology (PH) domains are small protein modules of around 120 amino 
acids that are found in a large number of proteins involved in intracellular signaling 
and cytoskeletal organization, often occurring alongside SH2, SH3, PTB and other 
domains discussed in this volume. PH domains were first noted by MAYER et al. 
(1993) and HASLAM et al. (1993) as sequences found in a number of intracellular 
signaling molecules that show limited homology to a region repeated in the protein 
pleckstrin (TYERS et al. 1988). As a result, this 47-kDa protein, which is the major 
substrate of protein kinase C (PKC) in platelets, has lent its name to a domain now 
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identified in more than 100 different proteins involved in different signaling and 
cytoskeIetal organization processes. Soon after the identification of the PH domain, 
structural studies showed that it does indeed form an independent module with a 
characteristic ~-sandwich structure. The functions of PH domains are now be
coming more clear, and the current view is that they are involved in recruitment of 
their host proteins to cell membranes. In some cases this recruitment is achieved 
through direct interaction of the PH domain with specific membrane components, 
and can be directly signal-dependent - with the PH domain binding to a lipid 
second messenger. In this chapter, we will discuss the structure of PH domains, and 
the characteristics that make them ideally suited for binding to the membrane 
surface. We will also review the current state of knowledge regarding PH domain 
function and ligand-binding properties, and will consider how they may participate 
in defining the specificity of intermolecular interactions and compartmentalization 
required for the function of their host proteins in signaling processes. 

2 PH Domains Show Considerable Diversity 
in Both Sequence and Location 

MAYER et al. (1993) and HASLAM et al. (1993) initially identified PH domains in 
protein serine/threonine kinases (such as Akt/Rac/PKB); regulators of small GTP
binding proteins (both GTPase activating proteins and guanine nucleotide ex
change factors); cytoskeletal proteins (such as spectrin); putative signaling adapter 
molecules (such as Grb7); as well as proteins involved in cellular membrane 
transport (such as hSec7 and dynamin). Further database searches, using profiles 
generated with the 16 or so initially identified occurrences, identified putative PH 
domains in a large number of additional proteins; expanding these groups, and 
adding protein tyrosine kinases and phospholipase C isoforms (MUSACCHIO et al. 
1993; SHAW 1993, 1996; PARKER et al. 1994; GIBSON et al. 1994). The total number 
of putative PH domains identified now exceeds 100. It is not our intention in this 
chapter to survey the details of PH domain occurrence and sequence analysis, for 
which the reader is directed to reviews by MUSACCHIO et al. (1993), GIBSON et al. 
(1994) and SHAW (1996). Rather, we will focus on the structural and functional 
aspects of these domains, giving here only a precis of PH domain distribution and 
sequence analysis. Figure 1 shows the position of PH domains in the domain 
structure of selected proteins involved in cellular signaling. Few general statements 
can be made about PH domain location in their host proteins. They are often seen 
at the very N-terminus of the protein, as in the PLCs, Akt, Btk, IRS-l and 
pleckstrin; they are sometimes present close to the C-terminus, as in ~ARK and 
pleckstrin. The Dbl homology region found in many guanine nucleotide exchange 
factors (GNEFs) is almost invariably followed by a PH domain, as seen in Vav and 
Sos. Otherwise, PH domains, like SH2, SH3 and PTB domains - alongside which 
they are often found - are present at a variety of positions, consistent with their 
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Fig. 1. Schematic representation of the domain structure of selected PH domain-containing proteins. PH 
domains are black, with a white label, and the positions of SH2, SH3, PTB and other domains are marked 
where they occur. X and Y in the phospholipase C isoforms indicate the conserved catalytic regions. Dbl
H indicates a region in Yav and Sos that is homologous to a portion of ObI (the dbl oncogene product), 
and is thought to act as an exchanger for Rho-like small G-proteins. SEC7 represents a region in Grp I 
and cytohesin-I that shares homology with a region in the yeast Sec? gene product 

being functional modules that can be inserted in a number of different environ
ments. 

The homology that defines the family of PH domains is significantly less ob
vious than that for SH2 or SH3 domains. A sequence alignment of 19 selected PH 
domains is shown in Figure 2. The overall percentage identity at the amino acid 
sequence level is rarely greater than 30% for PH domains from unrelated proteins, 
and in many cases it is less than 10%. As an example, the PH domains from 
dynamin-l and PLC-o" which have been shown by X-ray crystallography to rep
resent bona fide PH domains, and to have remarkably similar structures (see below), 
are related by just 9.9% amino acid identity. There are only a handful of positions 
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at which the identity of the amino acid is reasonably well conserved. One of these is 
a tryptophan close to the C-terminus, which is found in nearly all PH domains. 
Another position of significant conservation is a glycine that usually precedes the 
first ~-strand. A few additional positions exist at which a particular hydrophobic 
amino acid is quite well conserved, but there are no clear conserved sequence motifs 
that are characteristic of PH domains. Rather, the domain is defined primarily by 
six sequence blocks that show a conserved pattern of hydrophobic and hydrophilic 
amino acids (Fig. 2), which are separated by stretches of amino acids that vary 
widely in both length and sequence. Based upon the periodicity of amino acid type 
in the six blocks of amino acid homology, MUSACCHIO et al. (1993) predicted with 
remarkable accuracy the secondary structure content of PH domains. It was sug
gested that the PH domain would consist of 7 or 8 ~-strands and a single C-terminal 
a-helix. The less obvious nature of the homology that defines PH domains, which is 
much more readily detected by database searches using sequence profiles rather 
than using particular amino acid sequences, presumably delayed the identification 
of this widely occurring domain compared with the other examples discussed in this 
volume. 

3 PH Domain Structure 

As is true in an increasing number of cases today, structural studies of PH domains 
preceded the now developing appreciation of their functional role, and have con
tributed substantially to the design of experiments aimed at understanding PH 
domain function. Structures have been reported for four distinct PH domains. 
Nuclear magnetic resonance (NMR) spectroscopy has been used to determine the 
structure of the PH domains from pleckstrin (N-terminal PH domain; YOON et al. 
1994), mouse ~-spectrin (MACIAS et al. 1994), Drosophila ~-spectrin (ZHANG et al. 
1995) and dynamin-l (DOWNING et al. 1994; FUSHMAN et al. 1995). X-ray crys
tallography has been used to determine the structure of the dynamin-l PH domain 
(FERGUSON et al. 1994; TIMM et al. 1994), as well as complexes between inositol-
1,4,5-trisphosphate (Ins (1,4,5) P3) and the PH domains from PLC-()\ (FERGUSON 
et al. 1995) and spectrin (HYVONEN et al. 1995). In each case, the structure of the 
domain is remarkably similar, and is best described as an antiparallel ~-sandwich of 
two sheets in which the ~-strands of one sheet are nearly orthogonal to those of the 
other sheet (Fig. 3). 

Using the dynamin-l PH domain as an example, the characteristics of the 
structure can be discussed (Figs. 3, 4). The strands in each ~-sheet are arranged as 
in a "~-meander," with each strand reentering the sheet on the same side from 
which it left, and with strands that are adjacent in the sequence also being adjacent 
in the structure (RICHARDSON 1977). The N-terminal half of the PH domain forms a 
four-stranded antiparallel ~-sheet that packs almost orthogonally against a second 
~-sheet of three strands (Fig. 3). Hydrophobic side-chains from each of the two 
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PL - 0 I PH domain Dynamin PH domain 

pcctrin PH domain Pice - N PH domllin 

Fig. 3. MOLSCRIPT (KRAULIS 1991) representations of the PH domains from PLC-81 (FERGUSON et al. 
1995), dynamin-I (FERGUSON et al. 1994), spectrin (HYVONEN et al. 1995) and pleckstrin (N-terminal) 
(YOON et al. 1994), showing the similarity in their stuctures. Each domain is shown in the same orien
tation, with the C-terminal amphipathic Q(-helix at the top (C-terminus on left). This places the three most 
variable loops at the bottom of each figure. D-myo-Ins (1,4,5) P3 is shown as bound in crystal structures 
of the PH domains from PLC-81 (KD = 0.21 11M) and spectrin (KD = 40 11M). In each case the 
I-phosphate is most exposed. The PLC-8 J PH domain has additional Q(-he1ices at its N-terminus and in its 
~5/~6Ioop (FERGUSON et al. 1995). Spectrin PH has an additional Q(-helix in its ~3/~4Ioop (MACIAS et al. 
1994; HYVONEN et al. 1995) 
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VL-1 
Fig. 4. MOLSCRIPT (KRAULIS 1991) representation of the PH domain from dynamin-I (FERGUSON et al. 
1994). The molecule is in an orientation rotated 90° about a vertical axis compared with that shown in 
Fig. 3. The N- and C-termini are marked, as are the elements of secondary structure common to all PH 
domains of known structure. VL-I, VL-2 and VL-3 are the variable loops (shaded black) that are seen in 
sequence alignments to be most variable in both length and sequence, and which are seen to bind to 
phosphoinositides in the cases of the PH domains from PLC-Olo spectrin and pleckstrin 

p-sheets project into the center of the domain to generate the well-packed hydro
phobic core of the PH domain. PH domains do not represent p-barrels, since the 
inter strand hydrogen bonding pattern does not continue all around the structure 
(WOOLFSON et al. 1993). As is typical for near-orthogonal p-sheet packing (CHO

THIA 1984), the right-handed twist of the two p-sheets results in close contact only 
at two (close) corners. One close corner results from strand P-l that contributes to 
both p-sheets, while the other is completed by a type II p-turn between strands P4 

Fig. 5. A structure-based sequence alignment of the four PH domains of known structure (Fig. 3), plus 
the Btk PH domain. The sequence numbering is for PLC-o lo and the positions of secondary structural 
elements are marked as black arrows (~-strands) or a black rectangle (C-terminal cr-helix). The three 
variable loops, VL-1, VL-2 and VL-3, as marked in the dynamin-I PH domain in Fig. 4 are marked in the 
sequence. For the PLC-ol PH domain, residues that contact Ins (1,4,5) P3 in the high-affinity complex are 
denoted by black boxes. Also in black boxes are two sites in the Btk PH domain (F25, R28) at which 
XLA-associated mutations have been found in Btk (MATISSON et al. 1996) and E41, at which a gain-of
function was found in a screen of random Btk mutants (Ll et al. 1995) 
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and ~5. The other two (splayed) corners are splayed apart. One splayed corner 
(Fig. 4, top) is closed off by a C-terminal amphipathic (X-helix that contains the 
invariant tryptophan and other residues with hydrophobic side-chains that project 
into, and contribute to, the hydrophobic core of the domain. The other splayed 
corner of the ~-sandwich (Fig. 4, bottom) is closed off largely by side-chains from 
the ~1/~2 and ~6m7 connecting loops and portions of ~4. It is apparent from the 
structures of the domains depicted in Fig. 3 that both termini are located towards 
the same side of the molecule that contains the C-terminal (X-helix. This arrangement 
is consistent with the PH domains being protein modules that can be inserted at 
various positions in their host proteins. 

A sequence alignment of the PH domains with known structure is shown in 
Fig. 5, together with the positions of secondary structural elements. It is clear from 
this alignment (as welI as that in Fig. 2) that four of the inter strand loops are 
particularly variable in both length and sequence. These are loops ~lm2, ~3m4, ~5/ 
~6 and ~6/~7. As seen in Fig. 3, the spectrin PH domain contains an additional 2-
turn (X-helix in the ~3/~4 loop that is not seen in the other domains, and the PLC-b) 
PH domain has an additional (X-helix in its ~5/~6 loop. The fact that the variable 
loops appear to define one face of the PH domain led to the suggestion that they 
might be involved in PH domain-mediated interactions. Further support for this 
suggestion was lent by the fact that each of the PH domains of known structure is 
markedly electrostaticalIy polarized, with the positively charged face of each do
main corresponding to that containing the most variable loops (Fig. 6). As wilI be 
discussed below, this positively charged, variable face has been found to interact 
with negatively charged lipid headgroups in some cases. 

4 The Ligands of PH Domains 

The identification of PH domains in many proteins involved in intracellular sig
naling prompted the suggestion that they may have functional similarity to SH2, 
SH3 and other domains discussed in this volume, promoting interactions of their 
host proteins with other intracellular signaling molecules. As discussed below, the 
cases of Bruton's tyrosine kinase (Btk) and the ~-adrenergic receptor kinase 
(~ARK) (Fig. 1) provided some immediate indication that this might be true. The 
PH domains of Btk and ~ARK replace fatty acylation sites in their homologs Src 

Fig. 6. Electrostatic polarization of PH domains. The PLC-ii l (Ie/i) and dynamin-I PH domains are 
shown in the same orientation as that seen for the dynamin-I PH domain in Fig. 4. The backbone is 
represented as a worm in dark gray, and is surrounded by contours of positive electrostatic potential 
(+ 1.5 kT, in light gray) and negative electrostatic potential (-1.5 kT, in dark gray). Each domain is clearly 
electrostatically polarized, with the face of positive potential coinciding approximately with the face 
comprising the variable loops (compare Figs. 4 and 6). Ins (1,4,5) P3 binds in the center of the positively 
charged face of the PLC-0 1 PH domain. This figure was generated using the program GRASP (NICHOLLS 

et al. 1991) 



'" 'OJ 
E 
'" Q 

Pleckstrin Homology Domains 49 

\ 



50 M.A. Lemmon and K.M. Ferguson 

and rhodopsin kinase respectively, specifically implicating the PH domains of these 
molecules in association with the plasma membrane. Subsequent studies of a 
number of other signaling molecules also point to a role for PH domains in 
membrane association, and several isolated PH domains - most notably those from 
PLC-()j (PATERSON et al. 1995), spectrin (WANG et al. 1996) and Sos (CHEN et al. 
1997) are clearly localized to the plasma membrane when introduced into mam
malian cells. However, the cellular ligands for PH domains that are responsible for 
this membrane association are not yet clear in most cases. The potential PH domain 
ligands for which there is most evidence are the ~y-subunits (G~y) of heterotrimeric 
G-proteins (INGLESE et al. 1995), protein kinase C (PKC) isoforms (Y AO et al. 1994) 
and phosphoinositides (HARLAN et al. 1994). For the PH domains of certain pro
teins, all three types of ligand remain possibilities. In the following, we will sum
marize briefly the evidence that has led to the suggestion of these three types of PH 
domain ligand. In Sect. 5, the current status of studies aimed at elucidating PH 
domain function and ligand binding will be considered in more detail for several 
selected proteins. 

4.1 PH Domain Binding to Gpy-Subunits: The PARK PH Domain 

The PH domain at the C-terminus of ~ARK (Fig. I) is replaced in its visual ho
molog, rhodopsin kinase (RK), by a farnesylation sequence. Farnesylation of RK is 
necessary for its light-dependent translocation to the membrane where it phos
phorylates, and thus desensitizes, activated rhodopsin (INGLESE et al. 1992). The 
analogous function of ~ARK requires the presence of free GJ3y-subunits at the 
membrane surface for ~ARK membrane targeting and agonist-dependent phos
phorylation of the ~Tadrenergic receptor (PITCHER et al. 1992). The C-terminal 
portion of ~ARK, which includes its PH domain, is important in this G~y-mediated 
membrane targeting, with a minimal requirement for the PH domain plus an ad
ditional 14 amino acids beyond its C-terminus. This 125-amino acid C-terminal 
fragment of ~ARK can directly inhibit GJ3y-stimulated receptor phosphorylation by 
~ARK (KOCH et al. 1993), and can also inhibit various Gpy-mediated signaling 
processes (KOCH et al. 1994). These observations led to the suggestion that the 
~ARK PH domain binds directly to GJ3y-subunits. TOUHARA et al. (1994) subse
quently reported that several different PH domains, including those from spectrin, 
Ras-GRF, Atk, Ras-GAP, PLC-y, IRS-I, OSBP and Rac~, could bind to 
GJ3y-subunits in experiments involving ~-subunit precipitation from celllysates by 
immobilized GST-fusion proteins of the various PH domains. A similar result was 
presented by others for the PH domains from Btk (TSUKUDA et al. 1994) and 
~-spectrin (WANG et al. 1994). Furthermore, overexpression of several different 
isolated PH domains (from ~ARK-l, PLC-y, IRS-I, Ras-GAP and Ras-GRF) was 
reported to inhibit Gpy-mediated stimulation of inositol phosphate production by 
the <x2-CI0 adrenergic receptor (LUTTRELL et al. 1995), but not by GO(-mediated 
signaling pathways. Similar inhibition of inositol phosphate production in response 
to activation of the M2 acetylcholine receptor was reported for the Btk PH domain, 
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and was suggested to result from sequestration of Gj3y-subunits by the PH domain 
(TSUKUDA et al. 1994). 

As a result of these observations, it has been suggested that most PH domains 
interact with the ~y-subunits of heterotrimeric G-proteins, and that PH domains 
might represent a key point of cross-talk between G-protein-coupled signaling and 
other pathways (INGLESE et al. 1995). Although this hypothesis is attractive, there 
are two major reasons to doubt it. The first is that Gj3y binding by PH domains 
other than that of ~ARK appears to be very weak in the in vitro binding studies 
reported (TOUHARA et al. 1994; MAHADEVAN et al. 1995). The second is that the 
C-terminal extension beyond the PH domain is critical for the observed binding of 
~ARK to Gj3[subunits (KOCH et al. 1993; MAHADEVAN et al. 1995). In the study of 
Gj3y binding by TOUHARA et al. (1994), all PH domain constructs included ap
proximately 30 amino acids C-terminal to the consensus PH domain sequence, and 
as with ~ARK, this extension was essential for Gj3y binding to the Ras-GRF PH 
domain construct. Furthermore, a 28-mer synthetic peptide containing 14 residues 
from the C-terminus of the ~ARK PH domain (beginning at the invariant tryp
tophan) plus 14 residues from beyond the PH domain C-terminus can inhibit Gj3y 
binding to ~ARK (KOCH et al. 1993). This observation suggests that Gj3y binding is 
most likely to be driven by a small epitope in the C-terminal extension, rather than 
being a property of the PH domain itself. Finally, as discussed below (Sect. 5.2), it 
now appears that ~ARK binding to the membrane surface actually requires both 
binding of this C-terminal extension to Gj3y and binding of the PH domain itself to 
a phospholipid ligand (PITCHER et al. 1995). 

4.2 Protein Kinase C Isoforms as PH Domain Ligands 

Since several PH domain-containing proteins, including pleckstrin itself, are major 
substrates for protein kinase C (PKC), it is interesting that there have been a few 
reports that PH domains themselves can interact with PKC. The first of these used 
GST-PH fusion proteins to demonstrate that the Btk PH domain could bind 
in vitro to a mixture of the PKC rx, ~ and y isoforms from rat brain (Y AO et al. 
1994). Btk itself was found to co-immunoprecipitate with the ~l isoform of PKC 
from mast cells, and to be phosphorylated in a manner that leads to a reduction in 
its activity. KONISHI et al. (1994, 1995) have also found that the PH domains from 
AktjRacjPKB protein SerjThr kinases can associate with several PKC isoforms, 
although the physiological relevance of these interactions has yet to be clearly 
demonstrated. 

4.3 Phosphoinositides as PH Domain Ligands 

Since all PH domain-containing proteins require membrane association for their 
function, an attractive hypothesis is that PH domains might bind directly to 
membrane lipids. Certainly, the electrostatically polarized domain would be well 
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suited for association through its positively charged face with the negatively 
charged face of a lipid bilayer - in a manner reminiscent of that seen with the 
secretory phospholipase A2's (SCOTT et al. 1994). Having determined the NMR 
structure of the N-terminal PH domain from pleckstrin, Fesik's laboratory showed 
that this PH domain could bind to phosphatidylinositol-4,5-bisphosphate (PtdIns 
(4,5) P2) with a Ko in the range of 30 11M (HARLAN et al. 1994). Analysis ofNMR 
chemical shift changes in the PH domain upon addition of PtdIns (4,5) P2 showed 
that the site of binding included the ~1/~2 and ~3/~4 variable loops on the positively 
charged face of the domain. PtdIns (4) P was found to bind similarly to the 
N-terminal pleckstrin PH domain, and the PH domains from Ras-GAP, Tsk, ~ARK 
and pleckstrin (C-terminal) showed similar PtdIns (4,5) Pz-binding properties. As 
will be discussed below for each individual case, high-affinity PtdIns (4,5) P2 binding 
has since been reported for the PH domains from PLC-O I (LEMMON et al. 1995; 
GARCIA et al. 1995), and Sos (KUBISESKI et al. 1997; CHEN et al. 1997). In both of 
these cases binding is significantly tighter than seen with the pleckstrin PH domain, 
with Ko values in the 1 11M range. The PLC-o l PH domain binds to both PtdIns 
(4,5) P2 and its headgroup inositol-l,4,5-trisphosphate (Ins (1,4,5) P3) with clear 
stereospecificity (LEMMON et al. 1995) that has been observed in a crystal structure 
of the PH domain/Ins (1,4,5) P3 complex (FERGUSON et al. 1995). PtdIns (4,5) P2 

binding to the PLC-o, PH domain has been shown to be important for the ability of 
the enzyme to hydrolyze its substrate processively (REBECCHI et al. 1992; KANE
MATSU et al. 1992; CIFUENTES et al. 1993). High affinity binding to phosphoinosi
tides and their head groups has also been seen for the PH domain from Akt/PKB/ 
Rac. In this case the PH domain specifically recognizes the phosphoinositide 
3-kinase (PI 3-kinase) products PtdIns (3,4) P2 and PtdIns (3,4,5) P3, as well as their 
inositol phosphate headgroups (KLIPPEL et al. 1997; JAMES et al. 1996; FRANKE et al. 
1997; FRECH et al. 1997). As discussed below, Akt/PKB/Rac binding to PtdIns (3,4) 
P2 appears to be required for its activation in response to cellular stimulation by 
insulin or PDGF, and the case for physiologically important PH domain recognition 
of a phosphoinositide appears very convincing here. In addition to these examples, 
several PH domains have been reported to bind to phosphoinositides and their 
head groups with lower affinities and varying degrees of specificity. These include the 
PH domains from spectrin (HYVONEN et al. 1995; WANG and SHAW 1995), dynamin 
(SALIM et al. 1996; J. ZHENG et al. 1996), Btk (SALIM et al. 1996; FUKUOA et al. 1996) 
and Ras-GAPI (FUKUOA and MIKOSHIBA 1996). Phosphoinositide binding has not 
been shown to be physiologically relevant for all of these PH domains, and in some 
cases, as discussed in Sect. 5, the contrary can be argued. Nonetheless, the volume 
of data concerning PH domain/phosphoinositide interactions strongly suggests that 
it is important in at least some of these cases, although the precise ligands (which 
may be related to PtdIns (4,5) P2) may not yet have been identified. 
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5 Studies of PH Domain Function and its Correlation 
with Ligand Binding 

As discussed in Sect. 4, PH domains have variously been proposed to bind to 
G~y-subunits, PKC isoforms and phosphoinositides. It is very unlikely that any of 
these three possibilities will provide a uniform explanation for PH domain function. 
It is possible that some PH domains participate in binding to more than one of these 
ligands (and that some will bind to none). In this section we will consider the data 
available regarding PH domain function in several different proteins, and, where 
possible, consider what is (are) likely to be the relevant PH domain ligand(s). Since 
the functions of the proteins are quite different, and since the extent to which their 
PH domains have been studied varies, each protein will be discussed separately. 

5.1 The Btk PH Domain 

Mutations in the PH domain of Bruton's agammablobulinemia kinase (Btk) pro
vided the first evidence for the functional importance of PH domains in vivo. The 
gene encoding Btk is mutated in human X-linked agammaglobulinemia (XLA), a 
disease that results from defective B-cell differentiation leading to abnormally low 
levels of immunoglobulin production (MATISSON et al. 1996). Several XLA-linked 
Btk mutations occur in the N-terminal PH domain of the kinase, and similar 
mutations in the PH domain of the mouse Btk homologue cause the milder disease 
of X-linked immunodeficiency or Xid (THOMAS et al. 1993; VETRIE et al. 1993). 
These mutations clearly interfere with Btk's role in B-cell development, yet do not 
inhibit its intrinsic kinase activity (as assessed by in vitro autophosphorylation 
assays), arguing that the PH domain participates in interactions of Btk that are 
important for its signaling function. Btk is one of a family of related tyrosine 
kinases that includes Tec (MANO et al. 1990) and Itk (SILICIANO et al. 1992), and 
shows some similarity to the Src family of tyrosine kinases. Like the Src kinases, 
Btk and other Tec family tyrosine kinases contain an SH3 domain followed by an 
SH2 domain and the tyrosine kinase domain. Unlike the Src kinases, however, 
which have a myristoylation sequence N-terminal to the SH3 domain, Btk instead 
has an N-terminal PH domain followed by a so-called Tec homology (TH) region. 
As with the comparison between RK and ~ARK, this observation suggests a 
membrane association role for the PH and TH regions of Btk. 

Using sequence alignments and a model of the Btk PH domain structure (based 
upon the dynamin PH domain), it has been argued that several XLA-linked mu
tations in the Btk PH domain cluster on a face of the domain opposite from that 
containing the C-terminal O!-helix, but which includes the three variable loops of the 
PH domain (Fig. 4) and corresponds to the Ins (1,4,5) P3/PtdIns (4,5) Prbinding 
site of the PLC-o l and pleckstrin PH domains (VIHINEN et al. 1995; MATISSON et al. 
1996). As will be discussed specifically below, certain of these mutations (notably at 
F25 and R28 of Btk) are at positions equivalent to those of residues in the PLC-o[ 
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PH domain that directly contact Ins (1,4,5) P3 (Fig. 5; FERGUSON et al. 1995). It has 
recently been reported that the Btk PH domain binds to both PtdIns (3,4,5) P3 

(SALIM et al. 1996) and Ins (1,3,4,5) P 4 (FUKUDA et al. 1996). The XLA-associated 
mutation R28Y was found to inhibit the ability of the Btk PH domain to bind to 
PtdIns (3,4,5) P3, although the wild-type affinity was not reported (SALIM et al. 
1996). Similarly, XLA and Xid-associated mutations were found to reduce the 
ability of the Btk PH domain to bind to Ins (1,3,4,5) P4 - the wild-type giving an 
ICso of 40 nM in competition assays (FUKUDA et al. 1996). Thus, these data provide 
some evidence in support ofPtdIns (3,4,5) P3 as a potentially relevant ligand for the 
Btk PH domain, although, to our knowledge, there are currently no other data 
clearly linking Btk stimulation to PI 3-kinase activity. 

In addition to the reports of phosphoinositide binding, the Btk PH domain has 
been reported to interact with PKC isoforms (YAO et al. 1994), Gf3y-subunits 
(TSUKUDA et al. 1994) and a recently cloned 135-kDa protein named BAP-135 
(YANG and DESIDERIO 1997). Btk can be co-immunoprecipitated with PKC ~I from 
mast cells, and phosphorylation of Btk by PKC downregulates its activity in vitro. 
Y AO et al. (1994) showed that a GST -fusion protein of the Btk PH domain could 
precipitate various PKC isoforms from cell lysates, and the Xid-associated R28C 
mutation was reported to reduce the affinity of the PH domain for PKC by three- to 
fivefold. Similar studies have been reported for Btk PH domain binding to 
Gf3y-subunits, but in this case the effect of XL A- or Xid-associated mutations on the 
interaction was not investigated (TSUKUDA et al. 1994). Certain Gf3y-subunits do 
appear to be capable of activating Btk and Tsk (a member of the same family) in 
cotransfection assays (LANGHANS-RAJASEKARAN et al. 1995), although analysis of 
Tsk activation in vitro showed that some additional unidentified plasma membrane 
component, possibly a phosphoinositide, was required together with Gf3y-subunits 
for maximum kinase activation. Another potential binding partner of Btk, named 
BAP-135, was recently cloned by YANG and DESIDERIO (1997) on the basis of its co
immunoprecipitation with Btk from a B-lymphoid cell line. BAP-135 appears to be 
phosphorylated by Btk, and analysis of the domains in Btk responsible for BAP-
135 association showed that GST-fusion proteins containing the PH domain, or the 
PH plus TH domains, could precipitate BAP-135. While some mutations in Btk 
lead to a reduced level ofBAP-135 phosphorylation, PH domain mutations that are 
associated with Xid had only a small effect (YANG and DESIDERIO 1997). Finally, 
LI et al. (1995) isolated a gain-of-function mutation in the Btk PH domain using a 
random mutagenesis approach. Mutation of Glu 41 in the Btk PH domain (pre
dicted to be in variable loop 2; Fig. 5) to lysine resulted in both increased tyrosine 
phosphorylation and membrane association of Btk, and the mutated protein was 
able to transform NIH 3T3 cells. 

As will be clear from the above description, there is no clear consensus re
garding the binding partners of the Btk PH domain. In no single case is the evi
dence for a physiologically relevant interaction wholly convincing. We are thus left 
with two main possible explanations. One is that none of the potential ligands 
discussed above are relevant, and the true ligand has yet to be found. The other is 
that the Btk PH domain can interact with several of the possible ligands discussed 
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above, and that the lack of conviction from the data so far reflects a context 
dependence of each reported interaction for which appropriate controls have not 
yet been performed. 

5.2 The PARK PH Domain: Coordinate Binding to Gpy 
and Phosphoinositides 

As was discussed in some detail in Sect. 4.1, the C-terminal portion of ~ARK can 
interact with G"y-subunits, and some experiments have suggested this to be a 
property of several different PH domains. The main difficulty with the view that 
G"y binding might represent a relatively general function of PH domains stems 
from the finding that only the very C-terminus of the ~ARK PH domain and 
residues beyond its C-terminus are required for this interaction (KOCH et al. 1993). 
This view would argue that the entire ~-sandwich region of the PH domain is 
dispensable for its function. It was recently found that G"y-subunits alone are not 
sufficient for recruitment of ~ARK to the membrane surface (PITCHER et al. 1995). 
While G"y-subunits present in crude lipid preparations can direct membrane 
association of ~ARK, they could not when reconstituted into pure phosphati
dylcholine (PC) vesicles. However, if PtdIns (4,5) P2 was added to the PC vesicles, 
the ability of G"y to recruit ~ARK was restored. These studies argue that the 
C-terminus of ~ARK binds simultaneously to both PtdIns (4,5) P2 (or another 
similar lipid) and G"yo The PH domain itself is likely to be responsible for PtdIns 
(4,5) P2 binding, while the C-terminal extension is likely responsible for G lly 
binding. Neither of the individual ligands alone is sufficient for membrane binding 
of ~ARK (PITCHER et al. 1995). A similar combination of ligands may explain the 
observations mentioned above for G,,[activation of the Tsk kinase, where an ad
ditional unidentified membrane component was required in addition to G"y to 
reconstitute the activating effect in vitro (LANGHANS-RAJASEKARAN et al. 1995). 
These findings underscore the importance of studying weak PH domain interac
tions in the appropriate context, and indicate that at least some PH domains may 
be multifunctional with respect to ligand binding. 

5.3 The PH Domain in Membrane Association of pc-Spectrin 

In what is becoming a common theme for PH domains, the PH domain of 
~G-spectrin has also been reported to bind to both G"y-subunits (TOUHARA et al. 
1994; WANG et al. 1994) and to Ins (1,4,5) P3, the headgroup of Ptdlns (4,5) P2 

(HYVONEN et al. 1995; WANG and SHAW 1995). ~G-Spectrin contains two domains 
that contribute to its direct association with the plasma membrane; one at the N
terminus of the protein, and one at the C-terminus. Both domains can inhibit 
binding of intact spectrin to peripheral protein-stripped bovine brain membranes, 
with ICso values in the submicromolar range, and each of these domains appears to 
bind to distinct sites on the membrane (DAVIS and BENNETT 1994; LOMBARDO et al. 
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1994). The C-termina1 membrane association domain contains a PH domain, dis
ruption of which greatly impairs membrane binding (LOMBARDO et al. 1994). WANG 
et al. (1996) have shown that a fusion protein of the ~G-spectrin PH domain with 
green fluorescent protein (GFP) localizes to the plasma membrane when expressed 
in COS7 cells. They have also reported that the 109 amino acid ~G-spectrin PH 
domain binds strongly to bovine brain membranes (WANG and SHAW 1995). In this 
study it was reported that GJ3y or other proteins are not required for membrane 
association, but that Ins (1,4,5) P3 can inhibit the interaction. Binding of 
Ins (1,4,5) P3 itself to the ~G-spectrin PH domain was shown by HYVONEN et al. 
(1995) to occur with a KD ~ 40 11M, indicating an affinity for this molecule that is 
somewhat lower than suggested for PH domain binding to bovine brain mem
branes. Using a circular dichroism (CD)-based assay, only inositol phosphates with 
phosphates at the 4- and 5-positions were found to alter the spectrum (Ins (1,4,5) P3, 

Ins (1,3,4,5) P4 and 1-g1ycerophosphoryl-Ins (4,5) P2). An X-ray crystal structure 
of the spectrin PH/Ins (1,4,5) P3 complex showed that Ins (1,4,5) P3 lies on the 
surface of the domain (Fig. 3), making hydrogen bonds with a total of five residues 
from the ~lm2 loop (four residues) and the ~5/~6 loop (one residue) (HYVONEN 
et al. 1995). This places the Ins (1,4,5) P3 molecule in the center of the face of this 
PH domain with positive electrostatic potential (Fig. 3). Most of the interactions 
are made by the 4- and 5-phosphates of Ins (1,4,5) P3, with the I-phosphate 
completely solvent-exposed as would be required for the PH domain to bind to this 
head group when presented by PtdIns (4,5) P2 in a membrane bilayer. The 
Ins (1,4,5) P3 binding affinity of the PH domain does not appear to be sufficient to 
account for binding of spectrin's C-terminal membrane association domain to 
stripped bovine brain membranes. However, it is possible that additional delocal
ized electrostatic attraction between the positively charged face of the PH domain 
and the membrane surface could cooperate with PtdIns (4,5) P2 binding to increase 
the membrane binding affinity. Nonetheless, the physiological relevance of 
phosphoinositide binding to spectrin has not been demonstrated, and it remains 
possible that a distinct, as yet unidentified, ligand (or combination of ligands) is 
responsible for the interaction. 

5.4 PH Domains in Intracellular Targeting 
of Guanine Nucleotide Exchange Factors (GNEFs) 

One of the few statements that can be made regarding the positioning of PH 
domains in their host molecules is that the Dbl homology region in GNEFs for 
small G-proteins is always immediately followed by a PH domain (MUSACCHIO et al. 
1993). The Dbl homology region itself is thought to promote guanine nucleotide 
exchange on Rho/Rac-like small G-proteins, resulting in their activation (CERIONE 
and ZHENG 1996). The PH domain of oncogenic Dbl is required for its ability to 
transform NIH 3T3 cells, although in vitro assays show it is not required for GNEF 
activity (Y. ZHENG et al. 1996). Rather, the PH domain appears to playa role in 
subcellular targeting of the Dbl oncogene product. Oncogenic Dbl is found in a 
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Triton-insoluble cell fraction, and this localization is dependent on the PH domain, 
which is found in a Triton-insoluble fraction when expressed alone. Co-overex
pression of the ObI PH domain inhibits the ability of oncogenic ObI to transform 
cells, while overexpression of the Yav PH domain has no such effect, suggesting 
subcellular targeting of ObI by its PH domain to a specific, as yet unidentified, 
cytoskeletal component (Y. ZHENG et al. 1996). The PH domain immediately fol
lowing the ObI homology region of both the Os! and Lfe oncogenes has also been 
shown to be required for the ability of these proteins to transform cells (HORII et al. 
1994; WHITEHEAD et al. 1995). In the case of oncogenic Lfc, the transforming ability 
of a PH domain-deletion mutant can be restored by the addition of a CAAX box 
that promotes membrane localization of the protein through farnesylation 
(WHITEHEAD et al. 1995). This observation again implicates the PH domain in 
membrane localization of the GNEF. Since farnesylation of the PH domain-deleted 
oncogenic ObI does not restore its transforming ability (Y. ZHENG et al. 1996), it 
can be argued that the PH domains of ObI and Lfc are likely to target their host 
molecules to different specific locations in the cell. Their respective ligands are not 
yet clear. 

Ras-GRF and Sos contain both a Ras GNEF domain (towards their C-ter
mini) and a ObI homology region that is followed immediately by a PH domain. 
Ras-GRF also has a second PH domain at its amino terminus, which was reported 
to bind to G 13[subunits in vitro (TOUHARA et al. 1994), and has been found to 
participate in membrane targeting of the molecule that is required for its function 
(BUCHSBAUM et al. 1996). In the case of Sos and its mammalian homologues, both 
the ObI homology region and the PH domain appear to be required for Ras ac
tivation (MCCOLLAM et al. 1995). Sos proteins are thought to be recruited to the 
membrane in receptor tyrosine kinase signaling by the adaptor protein Grb2/Sem5/ 
Ork, which binds through its SH2 domain to the activated receptor, and through its 
two SH3 domains to the C-terminal proline-rich tail of Sos (SCHLESSINGER 1994). 
Artificial membrane targeting of hSos can overcome the requirement for receptor 
activation (ARONHEIM et al. 1994). Moreover, overexpressed Sos mutants from 
which the C-terminal proline-rich tail has been deleted can activate Ras without the 
involvement of Grb2, but with a requirement for an intact N-terminal portion 
containing the ObI homology region and PH domain (MCCOLLAM et al. 1995; 
KARLOVICH et al. 1995; WANG et al. 1995). CHEN et al. (1997) found that Ras 
activation by an overexpressed, C-terminal deleted, hSosl is serum-dependent, 
indicating that the ObI homology region and/or PH domain of Sos may also 
participate in its serum-dependent recruitment to the membrane. The isolated PH 
domain of Sos was reported to act as a weak dominant negative in the Drosophila 
Sevenless signaling pathway (KARLOVICH et al. 1995), and overexpression of the 
hSosl PH domain in COS cells inhibits serum-dependent Ras activation (CHEN 
et al. 1997). Moreover, using indirect immunofluorescence microscopy, CHEN et al. 
(1997) found that the isolated Sos PH domain localizes to the plasma membrane in 
a serum-dependent manner when microinjected into rat embryo fibroblasts or COS 
cells. The membrane target responsible for this signal-dependent localization is not 
clear. However, KARLOVICH et al. (1995) have reported that a GST fusion protein 
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of the Sos PH domain can precipitate Sevenless, although no evidence for a direct 
PH/Sevenless association was presented. PtdIns (4,5) P2 has also been shown to 
bind to the mammalian Sos PH domain with relatively high-affinity (KD = 

1.1-l.8 )lM) (KUBISESKI et al. 1997; CHEN et al. 1997), and clear selectivity for 
PtdIns (4,5) P2 over PtdIns (4) P or PtdIns (3,4,5) P3 was seen (KUBISESKI et al. 
1997). A signal-dependent PtdIns (4,5) P2-mediated membrane recruitment event 
would seem unlikely. Indeed, a Sos PH domain mutant that binds only very weakly 
to PtdIns (4,5) P2 still shows serum-dependent plasma membrane localization 
(CHEN et al. 1997), casting significant doubt on the likelihood that PtdIns (4,5) P2 is 
a physiologically relevant ligand for the Sos PH domain. Finally, it has been 
reported that the isolated PH domain from hSosl induces germinal vesicle 
breakdown (GVBD) when injected into Xenopus oocytes (FONT DE MORA et al. 
1996). The mechanism of this effect is far from clear: rather than acting in a 
dominant negative manner as discussed above, it was reported in these experiments 
that the isolated hSosl PH domain actually synergizes with Ras when co-injected 
into oocytes. The PH domains from IRS-I, ~ARK or PLC-()] had no effect upon 
GVBD when injected into oocytes, indicating differences in their specificity. Since 
the PLC-()] PH domain binds to PtdIns (4.5) P2 with high affinity, yet has no effect 
on GVBD, this observation lends further support to the existence of a distinct 
ligand for the Sos PH domain. 

5.5 Participation of the IRS-l PH Domain in Recruitment 
to the Activated Insulin Receptor 

The insulin receptor substrate-I (IRS-I) has a PH domain at its N-terminus, im
mediately followed by a phosphotyrosine binding (PTB) domain (see Chap. 2, this 
volume). Deletion of the PH domain from IRS-l significantly reduces its insulin
stimulated tyrosine phosphorylation compared with wild-type IRS-I (MYERS et al. 
1995; VOLIOVITCH et al. 1995). In 32D cells, which lack endogenous IRS proteins, 
only wild-type and not the PH domain-deleted form of IRS-I could confer insulin
dependent stimulation of PI 3-kinase activity (MYERS et al. 1995). These results 
indicate that the PH domain of IRS-l is important for its interaction with the 
activated insulin receptor. However, the PH domain is not essential for this cou
pling, since the effect of its deletion is masked when the insulin receptor is expressed 
at high levels in 32D cells (MYERS et al. 1995). From the results of more detailed 
studies, YENUSH et al. (1996) argue that the PH domain is essential for insulin
dependent IRS-l phosphorylation when insulin receptor levels are low, and that 
under these conditions the PTB domain is dispensable but increases the sensitivity 
of insulin receptor signaling. When the insulin receptor is expressed at high levels, 
either the PTB or PH domain is sufficient for insulin-dependent IRS-l phosphor
ylation. It thus appears that the two domains are likely to cooperate under normal 
conditions in recruitment ofIRS-l to the activated insulin receptor. Since the PTB 
domain of IRS-I binds with high affinity to phosphorylated Y960 of the activated 
insulin receptor (ECK et al. 1996), a ligand with similar high affinity might be 
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anticipated for the PH domain based upon the observations of YENUSH et al. 
(1996). This proposed ligand does not appear to be present in the insulin receptor 
itself, and its identity is not at all clear. 

5.6 The PH Domain of Dynamin-l in Rapid Endocytosis 

A specific role for the PH domain of the GTPase dynamin-1 in regulation of 
endocytosis has recently been demonstrated (ARTALEJO et al. 1997). Introduction of 
the dynamin-I PH domain into adrenal chromaffin cells specifically inhibits a form 
of rapid membrane retrieval that follows the stimulated secretion of catecholamines 
by these cells and is termed rapid endocytosis. Rapid endocytosis (RE) can be 
inhibited by antibodies against dynamin and by nonhydrolyzable GTP analogues, 
but not by antibodies against clathrin (ARTALEJO et al. 1995). In studying the role 
of the PH domain, it was found that only the dynamin-I PH domain, and not those 
from PLC-8) or pleckstrin, could inhibit RE. Since the PLC-8) and pleckstrin 
(N-terminal) PH domains both bind to PtdIns (4,5) P2, this finding suggests that 
this phosphoinositide is not the relevant ligand for the dynamin-I PH domain. That 
there is a highly specific ligand was suggested by the finding that the PH domain 
from the dynamin-2 isoform (COOK et al. 1994; SONTAG et al. 1994), despite being 
81 % identical in amino acid sequence to the dynamin-l PH domain, had no effect 
upon RE. Mutagenesis studies showed that residues in the ~1/~2 loop of the 
dynamin-l PH domain were critical for its ability to inhibit RE. By altering the 
dynamin-2 PH domain to resemble that from dynamin-1 at just four positions in 
the ~1/~2 and ~6/~7 loops, a gain-of-function mutant was generated (ARTALEJO 
et al. 1997). 

The nature of the ligand to which the dynamin-1 PH domain binds is not clear. 
However, it does not bind to G"y-subunits (FERGUSON et al. 1994), and reports of its 
binding to phosphoinositides have been quite varied. The findings of ARTALEJO et al. 
(1997) argue against Ptdlns (4,5) P2 as the relevant ligand. Nonetheless, while 
LEMMON et al. (1995) failed to detect binding of the dynamin-1 PH domain to PtdIns 
(4,5) P2 in vesicles using calorimetric and equilibrium gel filtration approaches, 
SALIM et al. (1996) reported its selective binding to PtdIns (4,5) P2 and PtdIns (4) P, 
but not PtdIns (3,4,5) P3, using surface plasmon resonance (SPR). No indication of 
the strength of this binding was given. 1. ZHENG et al. (1996) have reported binding 
of phosphoinositides to the dynamin-1 PH domain when added from an SDS 
solution, and measured apparent dissociation constants in the micromolar range. 
Binding of the dynamin-I PH domain to Ins (1,4,5) P3 or GPtdIns (4,5) P2 has been 
studied by NMR, with the finding that the Ko is in the 1.23 flM (SALIM et al. 1996) 
to 4.3 mM (1. ZHENG et al. 1996) range. This very weak interaction involves the 
positively charged face of the PH domain, but the residues that appear to be critical 
for its ability to inhibit RE were not directly implicated. Since the dynamin-1 PH 
domain could inhibit RE when added from a 1 flM solution (ARTALEJO et al. 1997), 
it is expected that the affinity for its ligand will be significantly higher than those 
measured to date for phosphoinositides or inositol phosphates. 
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5.7 Specific PH Domain Binding to Ptdlns (4,5) P2: 

The PLC-()t PH Domain 

One class of PH domain-containing proteins for which membrane localization is 
clearly critical for function is the phospholipase C isoforms, each of which has a PH 
domain at its N-terminus (PARKER et al. 1994). Little is currently known about the 
PH domains from PLC-~ or PLC-y, but the PLC-0 1 PH domain provides the best 
characterized example of PH domain recognition to date. Intact PLC-0 1 binds with 
high affinity to PtdIns (4,5) P2-containing membranes (REBECCHI et al. 1992), and 
proteolytic removal of the amino-terminal 60 amino acids from PLC-0 1 abolishes this 
binding. The resulting large proteolytic fragment retains catalytic activity, but has a 
reduced capacity for processive PtdIns (4,5) P2 hydrolysis, suggesting the presence of 
a noncatalytic PtdIns (4,5) P2 binding site in the N-terminus of the enzyme 
(CiFUENTES et al. 1993). Ins (1,4,5) P3, the headgroup product of PtdIns (4,5) P2 

hydrolysis by PLC, also binds to intact PLC-0 1 (KANEMATSU et al. 1992), and inhibits 
its high-affinity binding to PtdIns (4,5) PTcontaining vesicles (CiFUENTES et al. 1994). 
PLC-01 was, in fact, cloned in a search for cytoplasmic Ins (1,4,5) P3 binding proteins, 
and Ins (1,4,5) P3 inhibits PLC-01 activity in an apparently noncompetitive fashion 
(KANEMATSU et al. 1992). Removal of the amino-terminal portion of PLC-0 1 

abolishes both high-affinity binding of the enzyme to PtdIns (4,5) P2 and the inhib
itory effect ofIns (1,4,5) P3, indicating that PtdIns (4,5) P2 and Ins (1,4,5) P3 bind to 
the same region (YAGISAWA et al. 1994; CIFUENTES et al. 1994). 

Studies employing immunofluorescence microscopy (PATERSON et al. 1995) 
have shown that the PH domain is both necessary and sufficient for association of 
PLC-01 with the plasma membrane. In this case, by contrast with the observations 
with the Sos PH domain, membrane association is not serum-dependent (Falasca 
and Schlessinger, unpublished). A bacterially expressed recombinant PLC-0 1 PH 
domain binds in vitro to PtdIns (4,5) P2 in lipid vesicles with a KD of approxi
mately l.7 J.lM and 1:1 stoichiometry (GARCIA et al. 1995; LEMMON et al. 1995). 
Ins (1,4,5) P3 competes directly for this binding, and itself binds to the PH domain 
in a specific 1:1 interaction with a KD of 210 nM (LEMMON et al. 1995). The 
specificity of inositol phosphate recognition by the isolated PH domain (LEMMON 
et al. 1995) closely resembles that seen for the whole protein (KANEMATSU et al. 
1992; YAGISAWA et al. 1994). Phosphates at the 4- and 5-positions of the D-myo 
isomer are necessary, but not sufficient, for binding. An additional phosphate 
group at the I-position is required for the highest affinity interaction. Removal, 
addition, or rearrangement of any phosphate groups in Ins (l,4,5) P3 leads to a 
reduction in the affinity of at least 15-fold. The X-ray crystal structure of the 
complex between the PLC-01 PH domain and Ins (1,4,5) P3 (FERGUSON et al. 1995) 
provides a view of the basis for this specificity (Figs. 3, 7). The residues in the PLC-01 

PH domain that interact with Ins (l,4,5) P3 are mostly in the ~lm2 and ~3m4 
variable loops, placing Ins (1,4,5) P3 in the center of the positively charged face of 
the PH domain. Two lysine side-chains (K30 and K57) 'clamp' the 4- and 5-
phosphates ofIns (l,4,5) P3 in the binding pocket such that they are buried beneath 
the surface, and each lysine forms hydrogen bonds with both phosphates. Among 
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Fig. 7. Hypothetical view of how the PLC-o j PH domain may associate with a membrane containing 
PtdIns (4,5) P2. The PLC-o j PH domain is shown in a MOL SCRIPT representation (KRAULIS 1991) with 
the positions of the nine amino acids that form hydrogen bonds to Ins (1,4,5) P3 represented by dots (all 
H-bonds are direct except those from the backbone carbonyls of E54 and TID?, which are H20-medi
ated). As discussed in the text, the side-chains K5? and K30 'clamp' the 4- and 5-phosphates into the 
binding site, and the W36 side-chain is hydrogen-bonded to the I-phosphate. To generate this figure, 
diacylglycerol has been attached to the I-phosphate of the Ins (1,4,5) P3 observed in the crystal structure 
of the PLC-odIns (1,4,5) P3 complex (FERGUSON et al. 1995) to give an impression of how the PH domain 
might bind PtdIns (4,5) P2. The modeled Ptdlns (4,5) P2 is placed in a highly schematized bilayer. The 
three variable loops of the PH domain abut the membrane surface, and the face of the domain with 
positive electrostatic potential (see Fig. 6) associates with the membrane surface. Membrane association 
in this case may arise from a combination of specific recognition of the Ptdlns (4,5) P2 headgroup and a 
delocalized electrostatic attraction for the membrane surface 

the additional six amino acids that participate in hydrogen bonding to the 4- and 5-
phosphates are R40, which is analogous to R28 in the Btk PH domain at which 
XLA-associated mutations have been found (Fig. 5). R40 of the PLe-oj PH do
main forms two hydrogen bonds to the 5-phosphate ofIns (l,4,5) P3. The backbone 
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carbonyl of E54 in the PLC-o, PH domain forms a water-mediated hydrogen bond 
with the 5-phosphate ofIns (1,4,5) P3, and aligns with the position in the Btk PH 
domain (E41) at which mutation to lysine leads to a constitutively active form of 
Btk (LI et al. 1995). The I-phosphate of Ins (1,4,5) P3 is hydrogen bonded to the 
indole nitrogen of W36 in the PLC-o, PH domain, and the inositol chair is in van 
der Waals contact with the W36 side-chain (FERGUSON et al. 1995). W36 of PLC-o, 
aligns with F25 in the Btk PH domain (Fig. 5), another position at which XLA
associated mutations have been found (MATTSSON et al. 1996). The I-phosphate of 
Ins (1,4,5) P3 is solvent exposed, and can readily accommodate a glycerol moiety, as 
is evidenced by the fact that GPtdIns (4,5) P2 binds with high affinity to the PLC-o, 
PH domain (LEMMON et al. 1995). This in turn suggests a relationship between the 
PH domain and the membrane when bound to PtdIns (4,5) P2, as is depicted 
schematically in Fig. 7. The positively charged surface of the PH domain abuts the 
membrane surface, specific interactions with the inositol phosphate head group and 
occur, in the center of the interface. 

As mentioned above, the PH domain of PLC-o, represents a specific noncat
alytic binding site for the substrate of the enzyme. By tethering the enzyme to 
membranes that contain its substrate, the PH domain of PLC-o, would permit 
processive hydrolysis without the requirement to dissociate from the membrane 
surface between catalytic cycles. A comparison of the effect of increasing the mole 
fraction of PtdIns (4,5) P2 in vesicles upon its hydrolysis by intact and N-terminally 
proteolyzed PLC-o, showed that removal of the PH domain abolishes processive 
catalysis by the enzyme (CIFUENTES et al. 1993). The ability ofPLC-o, to hydrolyze 
PtdIns (4) P is also markedly increased by the presence of PtdIns (4,5) P2 in the 
same vesicles (LOMASNEY et al. 1996). When mutations are made in the PH domain 
of intact PLC-o, that reduce its affinity for PtdIns (4,5) P2, this effect is lost. 
Furthermore, Ins (l,4,5) P3 inhibits this stimulatory effect ofPtdIns (4,5) P2 with an 
ICso of less than I 11M (LOMASNEY et al. 1996). These observations together argue 
that the PLC-o, PH domain acts as a membrane tether that allows a processive or 
"scooting" mode of catalysis (RAMIREZ and JA'N 1991). The recent determination 
of the X-ray crystal structure of the catalytic domain of PLC-o, and studies of 
crystals of the intact protein (ESSEN et al. 1996) provide strong evidence for a 
flexible connection between the PH domain and the remainder of the enzyme, as 
would be predicted for such a tether. A hypothetical view of how the PH domain 
may enhance PLC-o J activity and how Ins (1,4,5) P3 can prevent this is depicted 
schematically in Fig. 8. 

In addition to providing an explanation for the ability of Ins (1,4,5) P3 to 
inhibit PLC-o, activity in vitro, these studies also provide a clear mechanism via 
which regulated PH domain-mediated membrane association is possible - through 
recognition of both a phosphoinositide and its soluble headgroup. When this sol
uble head group is a second messenger, as for Ins (1,4,5) P3 and Ins (1,3,4,5) P 4, it 
might be speculated that inositol phosphate accumulation will lead to dissociation 
of the PH domain from the membrane surface when PtdIns (4,5) P2 or PtdIns 
(3,4,5) P3 is the membrane ligand. While this idea is attractive, the in vitro studies 
with PLC-o, provide the only current evidence for this mechanism. In other cases, 
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notably for PtdIns (4,5) P2 binding by the N-terminal pleckstrin PH domain 
(HARLAN et al. 1994) and the Sos PH domain (KUBISESKI et al. 1997), rather high, 
nonphysiological, concentrations ofIns (1,4,5) P3 are required to dissociate the PH 
domains from vesicles. 

5.8 Recruitment of PH Domain-Containing Proteins to the Membrane 
by Interaction with 3-Phosphorylated Phosphoinositides 

In addition to the PLC-o\ PH domain, two other examples have recently been 
identified in which PH domains bind to phosphoinositides with high affinity and 
specificity. One of these is the Ser/Thr kinase Akt (also known as PKB and RAC) 
(HEMMINGS 1997). The other is a molecule called Grpl that also contains a region 
of homology with the yeast SEC7 gene product, and may be involved in regulation 
of cell adhesion (KOLANUS et al. 1996; KLARLUND et al. 1997). In both cases the PH 
domain specifically recognizes 3-phosphorylated phosphoinositides, significant 
levels of which are seen only in the membranes of cells activated with growth 
factors and other ligands (CARPENTER and CANTLEY 1996). We will discuss the 
findings for each of these proteins separately. 

5.8.1 Akt Activation by PH Domain Binding to PtdIns (3,4) P2 

Akt is a Ser/Thr kinase that has a PH domain at its amino-terminus, and is acti
vated upon stimulation of cells with PDGF (FRANKE et al. 1995), insulin (KaHN 
et al. 1995; CROSS et al. 1995) and other growth factors (BURGERING and COFFER 
1995). A variety of studies show that Akt is a downstream target of PI 3-kinase, 
and its growth factor-dependent stimulation can be inhibited by a dominant-neg
ative PI 3-kinase mutant or PI 3-kinase inhibitors (FRANKE et al. 1995; BURGERING 
and COFFER 1995; KaHN et al. 1995; CROSS et al. 1995; ANDJELKOVIC et al. 1996). 
Furthermore, expression of a membrane targeted, constitutively active, form of 
PI 3-kinase can activate Akt in the absence of growth factor stimulation (KLIPPEL 
et al. 1996; DIDICHENKO et al. 1996). Downstream targets of Akt include glycogen 
synthase kinase-3 (GSK-3), which is inactivated upon phosphorylation (CROSS et al. 
1995), and possibly the p70 S6-kinase (BURGERING and COFFER 1995). Recent 
studies have shown that Akt plays a key role in the regulation of neuronal survival 
(DUDEK et al. 1997). 

The PH domain of Akt appears to be responsible, at least in part, for re
cruitment to the plasma membrane where Akt is activated. Akt activation in re
sponse to growth factor stimulation or by expression of a constitutively active PI 3-
kinase is significantly reduced when deletions or certain mutations are made in its 
PH domain (FRANKE et al. 1995, 1997; KLIPPEL et al. 1996; ANDJELKOVIC et al. 
1996). It has further been shown that both intact Akt (JAMES et al. 1996) and its 
isolated PH domain (FRECH et al. 1997; FRANKE et al. 1997) bind with high affinity 
to PtdIns (3,4,5) P3 and PtdIns (3,4) P2, the major products of PI 3-kinase. The 
relative affinities of PtdIns (3,4) P2 and PtdIns (3,4,5) P3 differ between the reports, 
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but it is clear that the 3-phosphorylated phosphoinositides are bound more tightly 
than PtdIns (4,5) P2 . FRECH et al. (1997) have also shown that the Ins (1,3,4,5) P4 

head group is recognized with high affinity, although it is not clearly preferred over 
Ins (1,4,5) P3• As well as binding to the PH domain, PtdIns (3,4) P2 directly acti
vates Akt in vitro (KLIPPEL et al. 1997; FRANKE et al. 1997; FRECH et al. 1997), 
while PtdIns (4,5) P2 has no such effect, and PtdIns (3,4,5) P3 was actually found to 
be inhibitory (FRECH et al. 1997; FRANKE et al. 1997). Clear evidence for the 
specificity of this effect was provided by KLIPPEL et al. (1997), who showed that 
vesicles containing PtdIns (3,4,5) P3 could activate Akt only after their treatment 
with an inositol 5' phosphatase to produce PtdIns (3,4) P2 . Akt with its PH domain 
deleted or mutated could not be activated by PtdIns (3,4) P2 or inhibited by PtdIns 
(3,4,5) P3 in these studies (KLIPPEL et al. 1997; FRECH et al. 1997; FRANKE et al. 
1997). As a caution, it should be noted that in one report Akt stimulation by PtdIns 
(3,4) P2 was not detected, although high affinity binding of this phosphoinositide to 
Akt was observed (JAMES et al. 1996). In addition, one group has presented data 
indicating that the PH domain of Akt is not required for its activation upon 
treatment of cells with insulin (KOHN et al. 1995) or PDGF (KOHN et al. 1996). The 
origin of this disagreement is not clear. 

Although not evidenced by every study, the majority of these data suggest that 
Akt can be recruited to the plasma membrane of growth factor-stimulated cell by 
interaction of its PH domain with PtdIns (3,4) P2 or PtdIns (3,4,5) P3. The finding 
that synthetic PtdIns (3,4) P2 can activate the kinase led to the argument that this 
event is sufficient for Akt activation, possibly through binding-induced conforma
tional changes (KLIPPEL et al. 1997) or by dimerization at the membrane surface 
(FRANKE et al. 1997). However, an additional PI 3-kinase-independent pathway for 
Akt activation has been reported (KONISHI et al. 1996), and it has been shown that 
full activation of Akt requires its Ser/Thr phosphorylation (apparently by a second 
kinase) at two specific sites (ALESSI et al. 1996). A mutated form of Akt that has its 
PH domain deleted and is targeted to the plasma membrane by myristoylation was 
found to be constitutively active (KOHN et al. 1996), and to be phosphorylated on 
Ser/Thr without growth factor-treatment. A model has been proposed for growth 
factor-induced Akt activation (HEMMINGS 1997) in which PtdIns (3,4) P2 levels are 
increased upon stimulation of PI 3-kinase or phosphoinositide phosphatases and 
recruit Akt to the plasma membrane through interactions with its PH domain 
(Fig. 9). This interaction may activate Akt to some extent (as seen in vitro), but a 
primary effect of membrane recruitment is to bring Akt in close proximity with one 
or more kinases, normally resident at the plasma membrane, for which it is a sub
strate. These kinases may respond to other signals, such as cellular stress (KONISHI 
et al. 1996), and their phosphorylation of Akt is required for its full activation. 

5.8.2 PH Domain-Mediated Recruitment of Proteins Containing Sec7 
Homology Regions 

Another class of PH domain-containing proteins implicated as targets of 
PI 3-kinase are those that contain a C-terminal PH domain preceded by a region 
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Fig. 9. A schematic view of the likely role of the PH domain in activation of Akt in response to growth 
factors (see text). Upon activation of a receptor tyrosine kinase such as the PDGF receptor, PI 3-kinase is 
recruited to the memhrane surface and catalyzes the 3-phosphorylation of PtdIns (4) P and PtdIns (4,5) 
P2. PtdIns (3,4) P2 recruits Akt to the membrane surface by binding to its PH domain. At the membrane 
surface, Akt becomes activated. This activation may result in part from conformational changes induced 
by ligand binding to its PH domain. However, Akt also becomes phosphorylated, and this phosphory
lation is required for full activation. It is thought that the kinase responsible is constitutively associated 
with the plasma membrane, and that PH domain-mediated recruitment of Akt to the vicinity of this 
kinase enhances its ability to phosphorylate Akt 

homologous to the yeast SEC7 gene product. The first example of these proteins 
was named cytohesin-l, and was cloned in a yeast two-hybrid screen for proteins 
that interact with the cytoplasmic tail of the P2 integrin CD 18 (KOLANUS et al. 
1996). Overexpression of cytohesin-l or its isolated Sec7 homology domain in 
Jurkat cells resulted in their constitutive adhesion to dishes coated with the ICAM-
1 extracellular domain, while stimulation of the T-cell receptor was required for this 
binding in control cells. By contrast, overexpression of the isolated PH domain 
inhibited the ability of T-cell receptor stimulation to enhance Jurkat cell binding to 
ICAM-l (KOLANUS et al. 1996). Several other PH domains tested had no such 
inhibitory effect, indicating that specific interactions of the cytohesin-l PH domain 
are involved. It was shown that the Sec7 homology region of cytohesin-l is suffi
cient for interaction of the molecule with the CD18 cytoplasmic domain, and this 
interaction is clearly implicated by the above data in 'inside-out' signaling of P2 
integrins - modifying the ability of LFA-l to bind to ICAM-I. The PH domain of 
cytohesin-l may playa role in signal-dependent recruitment of the whole protein to 
the plasma membrane by binding to a specific phospholipid. This would enhance 
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binding of the Sec7 homology region to the CD 18 cytoplasmic tail through local 
concentration effects. 

In strong support of this suggestion, KLARLUND et al. (1997) recently cloned a 
very similar protein by probing bacterial expression libraries with 32P-labeled 
PI 3-kinase products. The protein, named Grpl (for general receptor for 
phosphoinositides-l), is 84% identical in amino acid sequence to cytohesin-l, and 
binds specifically to PtdIns (3,4,5) P3 and Ins (1,3,4,5) P4 (with a micromolar-range 
K D ), but not PtdIns (3,4) P2 or PtdIns (3) P through its C-terminal PH domain 
(which is 91 % identical to the cytohesin-I PH domain). The same binding char
acteristics were also found for the cytohesin-I PH domain, while those from IRS-l 
and Sos showed no significant PtdIns (3,4,5) P3 binding (KLARLUND et al. 1997). 
This finding argues that stimulation of PI 3-kinase leads to recruitment of 
cytohesin-l and Grpl to the plasma membrane, where their Sec7 homology regions 
can exert their function. In the case of cytohesin-l, this function appears to be 
interaction with, and activation of, the P2 integrin (KOLANUS et al. 1996). Evidence 
has been presented that wortmannin and other PI 3-kinase inhibitors interfere with 
'inside-out' p2 integrin signaling (NIELSEN et al. 1996). 

A third example of this class of proteins, named ARNO, was cloned by 
CHARDIN et al. (1996) as an exchanger for the small G-protein ARFI that is 
involved in vesicle budding from the Golgi. ARNO, cytohesin-l and Grp-l share 
82% amino acid identity. Bacterially expressed ARNO was shown to stimulate 
nucleotide exchange on ARF1, for which only the Sec7 homology region is re
quired. ARNO-mediated nucleotide exchange on vesicle-associated myristoylated 
ARFI was found to be stimulated by the presence of PtdIns (4,5) P2 in these 
vesicles, but only in the context of other negatively charged lipids (CHARDIN et al. 
1996). The effect of PtdIns (3,4,5) P3 has not yet been reported. The ability of 
ARNO to interact with integrin cytoplasmic tails has not been investigated, and 
nor has the ability of cytohesin-l to act as a nucleotide exchange factor. Given the 
high level of identity, it is possible that both proteins function similarly. In both 
cases, PH domain-mediated recruitment to the plasma membrane will increase 
activity. 

6 Conclusions: General Statements About PH Domains 
and their Ligands 

From the examples discussed above, it is clear that there is still much to be learned 
about PH domains and their ligands. Only a small subset of the domains identified 
by sequence analysis has been studied to date. From these studies, a few general 
statements can be made regarding structure and function. Structurally, it is clear 
from the four cases studied that there is remarkable similarity considering the 
limited sequence identity. Since the domain is largely recognized on the basis of 
alternating hydrophobic and hydrophilic residues in six blocks of homology that 
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correspond to ~-strands, it is likely that the basic structure seen for the PH domains 
from dynamin, spectrin, pleckstrin and PLC-o I will also be seen in other cases. It 
will be very interesting, as further structures are determined, to see whether the 
electrostatic polarization seen in these four cases is also common to other PH 
domains. 

It is not yet clear whether a specific ligand should be expected for all PH 
domains. As discussed above, there are clearly some cases where a specific high
affinity ligand does exist (PLC-o), Akt, Grpl/cytohesin-l and Sos), and in each case 
the ligand is a phosphoinositide. There are fewer examples (PLC-ol, Akt, Grpl/ 
cytohesin-l) where a strong case can be made for the physiological relevance of PH 
domain binding to a single ligand. In the few cases where specific PH domain 
interaction with a single proteil1 ligand has been suggested, the physiological rel
evance is not yet clear. It is stri~ing, however, that a number of PH domains have 
been reported to bind weakly to Gf3y-subunits, and many (apart from those with 
high-affinity phosphoinositide ligands) have been reported to bind weakly to 
phosphoinositides. Included in these is the ~ARK PH domain (plus C-terminal 
extension), which binds weakly to both G 13y-subunits (TOUHARA et al. 1994) and to 
PtdIns (4,5) P2 (HARLAN et al. 1994). Neither one of these potential ligands is alone 
sufficient for association of ~ARK with defined vesicles in vitro. ~ARK binds 
strongly only to vesicles that contain both Gf3y-subunits and PtdIns (4,5) P2 

(PITCHER et al. 1995). This finding suggests that the two weak ligands are coordi
nately recognized by the ~ARK C-terminus, and this may turn out to be a feature 
of several PH domains. ~ARK binds to G 13y predominantly through the very C
terminus (and beyond) of the PH domain (KOCH et al. 1993), while binding of the 
~ARK PH domain to PtdIns (4,5) P2 is likely to resemble that seen for the PH 
domains from pleckstrin (HARLAN et al. 1994), spectrin (HYVONEN et al. 1995) and 
PLC-0 1 (FERGUSON et al. 1995), with the positively charged face adjacent to the 
negatively charged membrane surface (Figs. 6, 7). Similar coordinate binding to 
two distinct ligands (that individually bind only weakly) by other PH domains 
could explain the difficulties that have been experienced in identifying convincing 
specific binding partners for most PH domains. 

Direct membrane binding by PH domains through their characteristic posi
tively charged surface may involve specific recognition of lipid headgroups in some 
cases, as clearly seen with PLC-o l (Fig. 7), Akt and Grpl. In other cases, delo
calized nonspecific electrostatic attraction between the PH domain and the mem
brane surface may be of primary importance, and there are likely to be many 
examples that lie between the two extremes and show some specificity. Where 
phosphoinositide headgroups are specifically recognized, this binding alone appears 
to be sufficient for membrane association. It is likely that several more PH domains 
will be found to bind with high affinity to specific phosphoinositides, and there may 
also be examples that recognize other membrane components with similar specifi
city and affinity. However, where direct membrane binding by the PH domain is 
weak and nonspecific, which appears to be true in many cases, it alone will not be 
sufficient for membrane association of the host protein. In these cases, the PH 
domain can only contribute to membrane recruitment by cooperating with other 
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interactions of the host protein with the membrane surface. These additional in
teractions may be mediated by other domains in the host protein, such as SH2, SH3 
and PTB domains, alongside which PH domains are often found. In addition, the 
findings with ~ARK suggest that some PH domains are likely to coordinately 
recognize more than one ligand, and may associate with certain membrane-asso
ciated proteins through regions distinct from those that interact directly with the 
membrane. The region of the ~ARK PH domain implicated in G py binding is on 
the opposite face of the domain from that predicted to bind phosphoinositides. In 
the PTB domains from Shc (ZHOU et al. 1995) and IRS-l (ECK et al. 1996), which 
have essentially the same structure as seen in PH domains (LEMMON et al. 1996), 
this face is of primary importance in phospho peptide binding. The peptide binds 
primarily in a groove formed between the C-terminal IX-helix (IXI in Fig. 4) and 
strand ~5 (see Fig. 4) that is present in both PH and PTB domains. Given this fact, 
and the data for G py binding to ~ARK, it is tempting to speculate that other 
protein ligands might bind to this region of other PH domains, cooperating with 
membrane binding through the PH domain variable loops. 

To conclude, it is clear that a number of PH domains participate in specific 
interactions that are important in signaling, and we have discussed several examples 
of these. For example, there is clear specificity in the ability of the isolated PH 
domains from cytohesin-l, Dbl, Sos and dynamin-l to inhibit the function of their 
intact host proteins (Y. ZHENG et al. 1996; CHEN et al. 1997; KARLOVICH et al. 1995; 
ARTALEJO et al. 1997). The nature of the inferred specific ligands for the PH do
mains is not clear, except in a few cases where phosphoinositide binding is strong 
and specific. There may be other specific ligands that simply have not been 
identified. Alternatively, PH domains may be multifunctional in their ligand 
binding - requiring coordinate recognition of two (or more) different weakly 
binding ligands. 
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Conserved domains found in many proteins provide surfaces that interact with 
other proteins. Such domains fold independently of the remainder of the protein 
and are structurally similar within a class of domains. Individual members of a class 
have sufficient sequence variation to provide high specificity for particular target 
sequences. Thus, in evolution, conserved structures were retained but variations 
were selected that provided specific function. Molecular recognition is a funda
mental property in biology, long recognized in immunology (antibodies, T and B 
cell receptors) and in endocrinology (hormone receptors) and more recently ap
preciated in intracellular signal transduction and transcription processes. Proteins 
often contain more than one domain either of the same or of a different class that 
provide for assembly of molecular complexes. The domains discussed in this 
monograph are in general 40-100 amino acids in length and recognize relatively 
short but specific sequences in target proteins. In combination, domains and 
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targets constitute a versatile and complex biological language for transfer of 
information. 

LIM domains are composed of approximately 55 residues with the sequence 
CX2CX I6 nHX2CX2CXI623CX2C (where X is any amino acid). Cysteine-rich 
LIM domains bind two atoms of Zn2+ with the most common tetrahedral coor
dination being S3N and S4 (MICHELSEN et al. 1993). The Zn2+ atoms bound at each 
end of the domain are essential to the structure of the domain (PEREZ-ALVARADO 
et al. 1994, 1996). LIM domains were first recognized in three homeodomain 
proteins: lin-II which functions in asymmetric division of Caenorhabditis elegans 
secondary vulval blast cells (FREYD et al. 1990); lsi I which bound the rat insulin I 
gene enhancer (KARLSSON et al. 1990) but has a major function in motor neuron 
development (PFAFF et al. 1996); and mec-3, which is essential for differentiation of 
touch receptor neurons in C. elegans (WAY and CHALFIE 1988). Proteins containing 
LIM domains at their amino terminus and homeodomains at their carboxyl ter
minus constitute an important subset of homeodomain proteins. The first LIM 
domain sequence reported was contained in the cysteine-rich intestinal protein, 
CRIP (BIRKENMEIER and GORDON 1986). LIM domains were subsequently found 
in a variety of cytoplasmic proteins and are widely distributed in nature, being 
found in plants, yeast and a variety of metazoans. 

2 Classes of LIM Domains 

Based upon sequence comparisons, two classifications of LIM domains have been 
proposed. DAWID et al. (1995) classified LIM domains into five groups whereas 
STEINMETZ and EVRARD (1996) divided them into three groups with subdivisions in 
two of those. In both classifications, the N terminal LIM domains of the nuclear 
LIM homeodomain and LIM-only proteins are closely related as are the second 
LIM domains of these proteins. Sequence alignments indicate that LIM domains 
found in a particular position, i.e., LIMI or LIM 2 are more similar than LIM 
domains found at different positions in a single protein (DAWID et al. 1995). 
Moreover, LIM domains located in a particular position in a particular protein 
from different species are the most highly conserved of LIM sequences. The con
vention of numbering LIM domains by their location in proteins from N to C 
termini has been adopted, i.e., the most N terminal LIM domain equals LIM!. 
Nomenclature is still being developed but by convention the nuclear LIM-only 
proteins are now designated LMO replacing the original names of Rhombotins 
(GREENBERG et al. 1990) and T cell translocation genes (MCGUIRE et al. 1989; 
ROYER-POKORA et al. 1991). No convention has yet been adopted for the extra
nuclear LIM-only proteins such as cysteine-rich protein (CRP), CRIP and PINCH 
(REARDEN 1994). Genome conventions are being adopted for many of the LIM
homeodomain proteins (DAWID et al. 1995). Thus, Lhxl (LIM homeobox) of the 
mouse gene nomenclature replaces Liml, Lhx2 replaces LH-2, Lhx3 replaces 
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Lim3/P-lim, Lhx4 replaces Gsh-4 and Lhx5 replaces Lim5 (see Table I). Because 
some names such as IsII and apterous are well established, these have been 
retained. Cytoplasmic LIM-domain-containing proteins retain the quixotic names 
originally assigned them. 

Sequence alignments for representative members of Steinmetz's classes A, B, 
and C are shown in Fig. I. Class A contains the cytoplasmic LIM proteins Paxillin, 
Zyxin, Enigma and LIM kinase. Class B, which contains LIM homeodomain and 
nuclear LIM only proteins, contains subclasses of LIM I and LIM2 domains. Class 
C contains proteins whose LIM domain structures have been solved, LIM2 of 
cCRP and rCRIP (PEREZ-ALVARADO et al. 1994,1996) and the plant LIM domains. 
Class C is also divided into subclasses for LIMI and LIM2 domains. Sequences are 
anchored by the eight conserved residues that are ligands for the two bound Zn2 + 

atoms. In the alignment shown the first metal ligand Cys is designated residue 1 and 
the spacing between ligands 1 and 2, 3 and 4, and 7 and 8 is set at 2 although this 
spacing varies from two to four residues. Residues at an additional eight positions 
are conserved in LIM domains from all three classes. Of these residues, seven are 
hydrophobic. Some of these form the hydrophobic core located between the two 
Zn2+ modules (residues 27, 32,41) and three contribute to a hydrophobic surface 
on one face of the domain (residues 50, 62, 67). Many of these are located at the 
ends of the four ~ sheets present in LIM domains. 

Additional residues are conserved within the Band C classes but these con
servations do not extend to the A class of LIM domains. For example, positively 
charged residues (Lys/ Arg) are conserved at position 64 in the Band C classes but 
not in the A class. Lys/ Arg are also conserved at position 29 in the C class whereas 
a hydrophobic residue (Leu/Ile/Val/Met) is conserved at this position in the LIM2 
B subclass. A hydrophobic residue is conserved at position 17 in the B class and a 
Gly is conserved at position 55 in the C and LIMI B subclasses. These sequence 
conservations indicated in Fig. 1 are the likely determinants of classes of target 
recognition specificities with nonconserved residues refining recognition. 

3 Structure of LIM Domains 

The Zn2+ coordinations of LIM domains are shown in the 2 Zn2 + -finger repre
sentation of LIM 3 of Enigma (Fig. 2) and in the three-dimensional structure of 
LIM2 of CRP (Fig. 3A). The NMR structures of the C terminal LIM domain of 
avian cysteine-rich protein (LIM2 of CRP) (PEREZ-ALVARADO et al. 1994) and of 
the single LIM domain protein CRIP indicated that the two Zn2 + atoms are bound 
independently in the N terminal and C terminalligandingmodules (PEREZ-ALVARADO 
et al. 1996). In the first Zn2 + binding module, Cys residues occupy the first two 
Zn2 + ligands in all LIM domains and changing the second Cys ligand to His 
abolished Zn2+ binding ofLIM2 ofCRP (MICHELSEN et al. 1994). The third ligand 
position is usually His but Cys and Asp occur at this position in some LIM 
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CLRSS R 

LI L2 LJ L4 LS L6 

I 28 J\ 34 37 41 

P 1/ HO H K 1/ I R G R I( L 1/ ALGH,o, V F II 
P S II K KKK I T G . . E IMH ALKMT W F T 
T K HG OF K 1 0 II G DR F l E ALGFS W 0 F II 
E GF RKP l S RTOPAIIR. ALDCl F II F T 
E K S V . KaT I T . DRMLK. AT GNS Y P F T 
P R S V . S E P IMPE PGKD ET IIRVVAL EKN F M K Y K 

CLRSS B 

LIM 1 

V HI A G . K R P I L DR FI L N. 1/ L D R ~ 'I\I V K CE K C N L 
S l V G GNO I H . ~Ol( L AII SP O LE III /I ,0, /I E N a I' L 
KG 1\ G . NRK I K DRY L K . II L O KY W E D ,0, C DCA l 
L T G G OON I G . OAV L K III O OY W E 0 o L GCR L 

LIM 2 
T K II G . /I 0 G I S P SDCr " /lR SK V F L N F T M N K 
/I K S G . MEK I AP . T EF M R . A LEC V V L F C CII 
I A K SIG F SK N D F M R . AR SK I/ V I E F R II /\ 
GN 1\ A . SK L I PA F EM M R . II ON V Y L . D F /\ aL 
GL 1\ S OKR I RA Y EM M R . II OK 1/ I( L E F K /1/\ 

CLRSS C 

LIM 
K Gil a K T II FlWlr CE GNS F S MII I KK N l.! 
K Gil Q K II II F E Q CEGSS F S MilK K N 

P K D K T V F . S S L GKD F E R NK il l.! 

LIM 2 
E • PR o ' Ia SOA V ' . ll lIIiIJ I .. Gil G K S 1\ /\ K G G L 
0 PR GOA V II ' I G,o, G KS S ,0, K G KI§) 

Fig. 1. Sequences of representative LIM domains. Alignments are from STEINMETZ and EVRARD (1996). 
For general convenience the first Cys that serves as a ligand to Zn2 + is numbered as J and the spacing 
between adjacent ligands is set at 2. Reprinted with permission of the authors 

domains. The fourth ligand is usually Cys but can be Glu or His, i.e., LIM 
domain I of the protein Enigma contains Glu at this position and binds two 
atoms of Zn2 + (GILL 1995). In the second Zn2 + binding module Cys residues 
occupy ligand positions 5, 6, and 7. A possible exception is the plant pollen 
protein PLIM where the spacing between ligands 5 and 6 may, in fact, be 4 rather 
than 2 which would retain this pattern (PEREZ-ALVARADO et al. 1996). Changing 
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Fig. 1. (Contd.) 

Cys at ligand posItlon 5 to His abolished Zn2 + binding to LIM2 of CRP 
(MICHELSEN et al. 1994). Ligand position 8 can be Cys, His or Asp. The N 
terminal Zn2+ module thus consists of Cys-Cys-His/Cys/Asp-Cys/His/Glu and the 
C terminal Zn2 + module of Cys-Cys-Cys-Cys/His/Asp. Metal binding is essential 
for protein structure and renaturation studies indicate that binding is sequential 
with the C terminal module first occupied by Zn2 +, followed by the N terminal 
module (KOSA et al. 1994). 
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Fig. 2. Two Zn2 + finger structure of LIM 
domains. The sequence of LIM3 of Enigma 
(Wu and GILL 1994) is presented in the tra
ditional double Zn2 + finger arrangement 

The NMR structures of LIM2 of CRP and CRIP are similar and show that the 
N terminal and C terminal Zn2 + binding modules are packed together via a hy
drophobic interface (PEREZ-ALVARADO et al. 1996). Both structures contain four 
antiparallel p sheets (Fig. 3A). Two of the four p sheets (PI and P3) contain a 
rubredoxin-type turn characteristic of the metal chelating domains of iron-binding 
rubredoxins (BLAKE et al. 1994). The first P sheet is followed by a turn that leads to 
the second P sheet oriented nearly perpendicular to the first. A short helical turn 
leads to the C terminal module that also contains two anti parallel P sheets. The 
third P sheet is followed by a turn that leads to the fourth anti parallel P sheet. Both 
LIM2 of CRP and CRIP contain C terminal a-helices but these have different 
orientations. The Nand C terminal Zn2+ binding modules of the two proteins are 
similar but differ in orientation relative to the N terminal Zn2 + module (PEREZ
ALVARADO et al. 1996). 

The hydrophobic residues which constitute the core of LIM domains are 
conserved. Figure 3B shows how the side chains of some of these residues that are 
conservatively substituted in the extended LIM domain family pack against each 
other to form the hydrophobic core. Surface potential calculations for CRIP and 
LIM2 of CRP show hydrophobic surfaces surrounded by well-defined clusters of 
positive and negative charge. One hydrophobic surface is formed by the residues 
that also make up the core (Fig. 4A). A second hydrophobic surface is made up of 
conserved residues in the C terminal module (Tyr 62 and Tyr 67, Fig. 4A). Another 
hydrophobic surface formed by the C terminus of CRIP is not present in LIM2 of 
CRP (PEREZ-ALVARADO et al. 1996). An interesting feature of both LIM domain 
structures that belong to the C class is the positively charged surface located in the 
upper module that follows an a-helical path (Fig. 4B). As discussed by PEREZ
ALVARADO et al. (1994, 1996) this structure is very similar to the N terminal Cys 4 
modules of the glucocorticoid hormone receptor and GAT A-I DNA binding 

Fig. 3A, B. Structure of LIM domains. The structure of LIM2 of CRP was determined by NMR and is 
reprinted by permission of the authors (PEREZ-ALVARADO et al. 1994). A emphasizes the two Zn2 + 

coordination modules at the two ends of the domain and B shows conserved residues that make up the 
hydrophobic core. Residue numhers correspond to those in CRP 
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A 

Fig. 4A, B. Space filling (A) and electrostatic (B) models of LIM2 of CRP. The data of PEREZ·ALVARADO 
et al. (1994) (PDB accession: lCTL) were used to prepare these representations using the programs 
UHBD and GRASP. Analysis was kindly provided by Tom Diller, Department of Chemistry and Bio
chemistry, University of California, San Diego. Colors used: blue = basic, red = acidic, white = 
hydrophobic, green = unspecified amino acid residues 
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domains. This is not, however, conserved in the A class of LIM domains. Although 
most available data suggests that LIM domains direct protein-protein interactions, 
these authors raise the possibility that LIM domains could be multifunctional, 
interacting with both proteins and nucleic acids. One could also consider different 
protein interactions with the hydrophobic and positively charged faces. 

4 Function of LIM Domains 

Although three-dimensional structures of SH2 (OVERDUIN et al. 1992; WAKSMAN 
et al. 1992), SH3 (KOYAMA et al. 1993; KOHDA et al. 1993; LEE et al. 1996), WW 
(MACIAS et al. 1996) and PDZ (DOYLE et al. 1996) domains have been solved with 
bound target sequences, the structures of LIM2 of CRP and of CRIP do not 
contain target peptides. To date, neither a specific target for LIM2 of CRP and 
CRIP nor a general target peptide sequence for LIM domains has been identified. 
However, three types of target motifs have been described: dimerization with other 
LIM domains, tyrosine-containing tight turns and unspecified sequences in other 
proteins. By analogy with the structures of GATA-l and the glucocorticoid re
ceptor, some LIM domains have the potential to bind DNA (PEREZ-ALVARADO 
et al. 1994, 1996). 

Zyxin, a phosphoprotein present in sites of cell adhesion to the extracellular 
matrix, contains a proline-rich cr-actinin binding domain at its N terminus and 
three LIM domains at its C terminus (CRAWFORD and BECKERLE 1992; SADLER et al. 
1992). Zyxin interacts with a second cytoskeleton associated protein, CRP, via the 
first LIM domain of Zyxin (SCHMEICHEL and BECKERLE 1994). The interaction is 
specific because neither LIM2 nor LIM3 of Zyxin interacted with CRP. Zyxin is 
thus proposed to be an adaptor molecule binding different partners at its Nand C 
termini. Although CRP contains little sequence beyond that encompassed in the 
two LIM domains, a specific sequence within CRP, i.e., a single LIM domain that 
interacts with LIM 1 of Zyxin was not demonstrated. CRP was demonstrated to 
homodimerize, a reaction mediated by either of its two LIM domains, but not by an 
inter-LIM domain sequence fragment (FEUERSTEIN et al. 1994). 

Paxillin is another LIM domain-containing protein found in focal adhesions. 
At its N terminus, Paxillin contains binding sites for Vinculin and for the focal 
adhesion tyrosine kinase, FAK (BROWN et al. 1996). Four LIM domains are located 
at the C terminus of Paxillin (TURNER and MILLER 1994). Although Paxillin was 
originally thought to localize at focal adhesions through binding to Vinculin, 
mutational analyses indicate that LIM3 is the domain that is necessary for Paxillin 
to localize at focal adhesions (BROWN et al. 1996). Although the target for LIM3 of 
Paxillin has not been identified, these findings support the idea of recognition of 
specific targets by individual LIM domains. 

A subtractive hybridization screen, designed to detect proteins enriched in 
denervated rat skeletal muscle, identified muscle LIM protein (MLP) which con-
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tains two LIM domains separated by a Gly-rich spacer region which is longer than 
that found between LIM domains in many proteins (ARDER et al. 1994). Overex
pression of MLP enhanced and anti-sense expression decreased myogenic differ
entiation of C2 myob1asts. MLP and the structurally related proteins hCRP (WANG 
et al. 1992) and bCRP (WEISKIRCHEN and BISTER 1993) are located in the nucleus 
and at the actin cytoskeleton (ARDER and CARON I 1996). Using single LIM domains 
and various chimeras, ARDER and CARONI (1996) concluded that LIM2 of MLP 
was the major determinant required for association with actin filaments but that 
this association required a second LIM domain for cooperativity. Interestingly, a 
LIM domain from LM01, a nuclear LIM-only protein, could provide the coop
erative function exhibited by LIM 1 of MLP but could not provide the actin tar
geting function of LIM2 of MLP. These results provide further support for the 
concept of specific targets for LIM domains. Analogous to the findings of 
FEUERSTEIN et al. (1994), ARDER and CARONI (1996) reported direct and indirect 
evidence for LIM-LIM interactions. 

Enigma is a predominantly cytoplasmic protein that contains one PDZ domain 
at its N terminus and three LIM domains at its C terminus (Wu and GILL 1994). 
LIM3 of Enigma specifically recognized the major endocytic code of the insulin 
receptor (InsR). Mutations in this target sequence that abolished ligand-induced 
endocytosis of InsR caused loss of recognition by LIM3 of Enigma. LIM3 of 
Enigma exhibited target specificity for InsR because it failed to interact with the 
tyrosine-containing endocytic codes of a variety of other receptors including those 
for EGF, LDL and tranferrin. Moreover, interaction of random peptide libraries 
with GST-LIM3 of Enigma revealed specific binding of the sequence Gly-Pro-Hyd
Gly-Pro-Hyd-Tyr-Ala that corresponds to the endocytic code of InsR (Wu et al. 
1996). NMR studies indicate that pep tides containing the Gly-Pro-Leu-Tyr en
docytic code of InsR adopt a tight turn conformation, a structure disrupted by 
mutations that prevent endocytosis ofInsR (BACKER et al. 1992). Of the more than 
12 LIM domains examined, only LIM3 of Enigma recognized the InsR endocytic 
code sequence. The hypothesis that LIM domains recognize specific tyrosine-con
taining tight turns was supported by finding that LIM2 of Enigma specifically 
recognized the C terminus of the tyrosine kinase receptor Ret (DURICK et al. 1996). 
Peptide competition indicated that the sequence Asn-Lys-Leu-Tyr was essential for 
this interaction (Wu et al. 1996). Interestingly, this sequence is essential to mito
genic signaling by an oncogenic form of Ret, Ret/ptc2, that contains a fusion of the 
RI regulatory domain of A-kinase to the cytoplasmic domain of Ret (DURICK et al. 
1996). LIM I of Enigma and a variety of LIM domains from the A, Band C 
sequence classes failed to recognize these targets. Additionally, LIM2 of Enigma 
did not recognize InsR nor did LIM3 of Enigma recognize Ret. There is thus 
evidence for specific LIM domain binding to specific tyrosine-containing tight turn 
structures. 

In attempts to design a "generic" endocytic code, the sequence Asn-Asn-Ala
Tyr-Phe was synthesized and shown to function in endocytosis when placed in 
mutant EGF receptors (CHANG et al. 1993). Two copies of this code separated 
by an ct-helix were recognized by both LIM2 and LIM3 of Enigma (Wu and GILL 
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1994). These results support the concept that LIM domains recognize tyrosine
containing tight turns but specificity depends on the amino acid sequence sur
rounding the Tyr residue. Like Zyxin, Enigma appears to serve an adaptor function 
binding to specific proteins via the individual LIM domains located at the C ter
minus and to other proteins via the N terminal PDZ domain. A subgroup of 
proteins that contain PDZ domains at their N termini and LIM domains at their C 
termini include Enigma, ENH (KURODA et al. 1996), ril (KIESS et al. 1995) and CLP 
36 (WANG et al. 1995). 

Using protein kinase C (PKC) in a two-hybrid screen, KURODA et al. (1996) 
isolated a rat protein termed ENH (Enigma Homology). This protein contains a 
PDZ-like domain at its N terminus and three LIM domains at its C terminus, both 
exhibiting high homology to Enigma. The central region varies between the two 
proteins. The LIM domains of ENH, Enigma and LIM kinase specified interaction 
with the N terminal variable region of PKC. Thus, while there was little specificity 
for LIM domains there was high specificity for particular PKC isoforms. Inter
estingly, addition of TPA which activates PKC resulted in translocation of ENH 
from the membrane to cytoplasmic compartment suggesting that phosphorylation 
regulates cellular distribution of ENH. Moreover, PKC phosphorylated ENH 
in vitro. A protein kinase with specificity for serine and threonine residues that 
contains two LIM domains at its N terminus was independently cloned from kinase 
homology by two groups (MIZUNO et al. 1994; BERNARD et al. 1994). A second 
family member was subsequently identified (OKANO et al. 1995). LIM kinase is 
preferentially expressed in the nervous system (BERNARD et al. 1994; CHENG and 
ROBERTSON 1995). Chromosomal deletions involving LIM I kinase occur in Williams 
syndrome which is characterized by poor visual-spatial constructive cognition 
(FRANGISKAKIS et al. 1996) suggesting that LIM kinase is necessary for develop
ment of specialized neuronal connections. The presence of LIM domains at the N 
terminus and a PDZ domain in the middle of the molecule suggests that protein 
interactions will specify subcellular localization and targets for LIM kinases. 

The nuclear LIM-only proteins LM01 and 2 (Rbtn 1 and Rbtn 2) are reported 
to bind to the transcription factors Tall and GAT A-I. The observation that LMOs 
and Tall are activated by chromosomal translocation in human T cell leukemia 
(MCGUIRE et al. 1989; BOEHM et al. 1990a, 1991a; ROYER-POKORA et al. 1991; BAER 
1993) and the observation that null mutations in LM02 (WARREN et al. 1994), 
Tall/Scl1 (SHIVDASANI et al. 1995; ROBB et al. 1995a; PORCHER et al. 1996), 
GATA-I (PEVNY et al. 1991) and GATA-2 (TSAI et al. 1994) each block erythroid 
development suggested that interactions among these proteins were likely. Co
immunoprecipitation of Tall and LM02 from MEL and HEL cells provided 
support for this idea (WADMAN et al. 1994; V ALGE-ARCHER et al. 1994). Functional 
interactions were deduced from mammalian two hybrid analyses which showed 
transcriptional enhancement dependent on fusion proteins containing Tall and 
LM02. The interaction was specific to the subset of basic helix-loop-helix (bHLH) 
proteins of the Tall family (Tall, Ta12, LYLl) and was not observed with other 
bHLH proteins such as E47, Idl, Max, Myc and MyoD. The two hybrid interac
tion required the bHLH region of Tall. Moreover, there was specificity for the LIM 



88 L.W. Jurata and G.N. Gill 

domains of LMOI and 2 as CRP, CRIP and the LIM domains of Zyxin did not 
interact with Tall. LM02 was also shown to co-immunoprecipitate with GATA-l 
(OSADA et al. 1995). Higher order complexes were deduced from mammalian cell 
two hybrid analysis where maximal increases in reporter gene activity were ob
served when GAL4-E47 (a heterodimeric partner of Tall) and VPI6-GATA-l 
(which do not directly interact) were augmented by coexpression of Tall and 
LM02. A tetrameric complex was proposed in which LM02, which does not bind 
DNA, provided a bridge between the HLH heterodimeric E47/Tall complex and 
the Zn2 + finger containing GATA-l (OSADA et al. 1995). Higher order complexes 
were not directly demonstrated however, nor were synergistic interactions between 
LM02 and Tall shown using endogenous promoters. 

Nuclear LIM interact or (NLI, also designated LIM-domain-binding protein, 
Ldbl) specifically binds to LMOs and to LIM-homeodomain proteins but not to 
cytoplasmic LIM domain containing proteins (JURATA et al. 1996; AauLNlcK et al. 
1996). The structure ofNLI is highly conserved between Xenopus and mouse, and a 
second family member has been identified (AauLNlcK et al. 1996). NLI binds to 
only one of the two LIM domains of Isll, Lmxl, and LM02, supporting the 
concept of target specificity for individual LIM domains; however, both LIM do
mains of Lhxl appear to be required for the interaction (JURATA et al. 1996; 
AauLNlcK et al. 1996). The site of interaction with LIM domains lies within a 38 
amino acid fragment of NLI that lacks Tyr residues, indicating that target recog
nition differs from that exhibited by the LIM domains of the cytoplasmic protein 
Enigma (JURATA and GILL, 1997). NLI is coexpressed in ventral motor neuron 
nuclei with the LIM homeodomain protein Isll (JURATA et al. 1996). AauLNlcK 
et al. (1996) observed that coinjection of NLI and Xlim-l mRNA into Xenopus 
embryos caused formation of partial secondary axes especially notable as dorsal
ization and ectopic muscle formation. Neither Xlim-l nor NLI alone were effective, 
demonstrating a functional interaction between the two proteins. The broad range 
of interactions between NLI and LIM-domain containing transcription factors 
suggests utilization of a common mechanism to impart unique cell fate instructions. 

5 Nuclear LIM-Only Genes 

The LMO genes are represented by three family members, LMOI, LM02, and 
LM03. They are distinct in function from the extranuclear proteins CRP, CRIP, 
and PINCH, whose structures also consist largely of LIM domains. Like the LIM 
homeodomain proteins, the LMO proteins appear to playa role in transcription as 
they localize in the nucleus and associate with other known transcription factors. 
How they participate in transcriptional processes at a molecular level is, however, 
unknown and target genes have yet to be described. LMO proteins function in 
development and differentiation and like their homeodomain-containing counter
parts, are highly expressed in the embryonic and adult nervous systems. 
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LMOI (formerly Ttg-l, RbtnJ) was first described as a gene disrupted by 
a t( 11; 14)(p 15;q 11 ) T-cell translocation event involving the TCR8 locus in 
RPMI8402 cells derived from a patient with T cell acute lymphoblastic leukemia 
(T-ALL) (BOEHM et al. 1988). The cDNA was isolated using the breakpoint region 
and was found to encode a nuclear, 18-kDa, cysteine-rich protein that was not 
expressed in normal thymus tissue or in T cell lines other than RPMI8402 
(MCGUIRE et al. 1989, 1991; BOEHM et al. 1990a). The LMOI gene utilizes two 
unrelated, alternative promoters (la and 1) to generate transcripts of different 
length, 1.4 and 1.2 kb, and proteins which differ by only a single, conservative 
amino acid substitution (BOEHM et al. 1990a). The cysteine-rich regions of LMOI 
were subsequently identified as LIM domains (BOEHM et al. 1990b; RABBITTS and 
BOEHM 1990), and murine and Drosophila LMOI homologues were isolated and 
found to be highly conserved (BOEHM et al. 1990a, b; ZHU et al. 1995). 

More detailed analysis of LMO 1 expression revealed high levels in the em
bryonic and adult nervous systems, specifically in the branchiomotor trigeminal 
and facial neurons within rhombomeres two and four of embryonic day 9 (E9) 
mouse embryos, and the ventral spinal cord, ventral forebrain, and retina of EIO 
embryos (GREENBERG et al. 1990). In later stages of development (EI5-16), LMOl 
mRNA was seen in the neocortex, diencephalon, mesencephalon, cerebellum, 
myelencephalon and the spinal cord (GREENBERG et al. 1990; BOEHM et al. 1991b). 
Very low levels were observed in non-nervous tissues, including the developing 
thymus. Interestingly, alternative promoter usage appeared to be regulated 
throughout development, with promoter 1 a generating most of the expression from 
EI2-EI5, and promoter 1 primarily directing expression after El5 (BOEHM et al. 
1991b). 

The second LMO family member, LM02 (Ttg-2, Rbtn2j, was isolated by two 
different groups using low stringency screening with LMOI (BOEHM et al. 1991a) 
and by the cloning of the separate, but linked, 11 p 13 breakpoint region in T -ALL, 
which is also involved in translocations with the TCR8 gene (ROYER-POKORA et al. 
1991). LM02 is 50% identical to LMOl, with the highest homology in the LIM 
domains and intervening linker region (BOEHM et al. 1991a; ROYER-POKORA et al. 
1991). In contrast to LMOl, whose expression is primarily confined to the nervous 
system, LM02 expression is widespread although similarly low in the thymus and T 
cells (BOEHM et al. 1991a; ROYER-POKORA et al. 1991). LM02 mRNA is highest in 
embryonic liver and spleen, the sites of fetal hematopoiesis, as well as in adult 
brain, kidney, liver, and spleen (ROYER-POKORA et al. 1991; FORONI et al. 1992). 
Low levels of LM02 detected in the thymus were attributed to the medullary 
epithelial cells, not to T cells (NEALE et al. 1995a). 

Like LM01, the LM02 gene was found to utilize two alternate promoters to 
generate messages of different length. The most distal promoter was shown to 
contain two GAT A-I sites, suggesting erythroid-specific expression from the up
stream promoter (ROYER-POKORA et al. 1995). The llp13 breakpoint, which dis
rupts the chromosome 5' to LM02 coding regions, was proposed to deregulate 
promoter 1, thereby activating promoter 2 in T -ALL. Translocations in this region 
are found more frequently in T-ALL patients than the rare llpl5 breakpoint 



90 L.W. Jurata and G.N. Gill 

involving LMOI, suggesting that LM02 may playa more common role in the 
pathogenesis of this childhood leukemia (BOEHM et al. 199Ia). 

The importance of the erythroid specific expression of LM02 was illustrated 
by homozygous deletion of the gene in mice (WARREN et al. 1994). Although 
resulting in embryonic lethality, a detailed study of developing embryos revealed 
that -/- mice contained no erythroid cells in the yolk sac or the fetal circulation and 
that the embryos died at approximately ElO.5 presumably due to the failure of red 
blood cell development. In support of a requirement for LM02 in erythropoiesis, 
LM02 was found to be expressed normally in erythroid lineages, including adult 
bone marrow, and was shown to be required for erythroid differentiation of em
bryonic stem cells in vitro. 

The final known member of the LMO gene family, LM03 (formerly Rbtn3), 
was also identified by homology to LMOI (BOEHM et al. 1991a; FORONI et al. 1992). 
LM03 is more closely related to LMOI than to LM02, with 89% identity between 
LMOI and LM03 (FORONI et al. 1992). Expression of LM03 also resembled that 
of LMOI in its restriction to tissues of the central nervous system and, like its 
relatives, showed undetectable levels in the thymus. In contrast to the other family 
members, however, LM03 does not map to chromosome II and thus far has not 
been identified in leukemia related translocation events. 

Transgenic mice targeting expression of LMOI and LM02 to T cells and other 
tissues were used to address the question of whether translocation-mediated 
deregulation of these genes was a circumstantial or causative event in the patho
genesis of T cell acute lymphoblastic leukemia. LMO I expression from the lym
phoid specific Ick promoter or TCR~ enhancer resulted in clonal lymphoblastic 
T cell lymphomas similar to those observed in T-ALL (MCGUIRE et al. 1992; FISCH 
et al. 1992). Overt malignancy was preceded by pre-leukemic changes in which the 
thymus and spleen became enlarged with an increased number of lymphocytes 
representing all stages of maturity (MCGUIRE et al. 1992) but the immunopheno
type of most tumor cells was CD4 + CD8 + , suggesting that these were derived from 
immature lymphocytes (MCGUIRE et al. 1992; FISCH et al. 1992). Interestingly, 
tumor incidence was relatively low, but the frequency was proportional to the 
amount of transgene expression observed in T cells (MCGUIRE et al. 1992). The 
long latency period preceding malignancy (approximately 10.5 months after birth) 
suggested that mutations in addition to overexpression of LMOI are required to 
accumulate prior to leukemogenesis (FISCH et al. 1992; MCGUIRE et al. 1992). 
Directed expression of LMOI to the endocrine pancreas using an insulin promoter 
construct resulted in no insulinomas, indicating that misexpression in the thymus 
represents a specific case of LMO I-induced oncogenesis (FISCH et al. 1992). 

Targeted expression of LM02 to T cells using either the CD2 promoter and 
enhancer (FISCH et al. 1992), or a thyl.l expression cassette (LARSON et al. 1995), 
also resulted in leukemogenesis resembling T-ALL; however, the incidence of tu
mor formation was much higher (72%) than for LMOI (averaging 19% for four 
transgenic lines) (LARSON et al. 1994; MCGUIRE et al. 1992; FISCH et al. 1992). 
Clonal tumors were preceded by changes in which populations of immature 
CD4-CD8- lymphocytes were expanded at the expense of CD4 + CD8 + cells to 
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maintain homeostasis in the developing thymus (LARSON et al. 1995), but variable 
CD4/CDS immunophenotypes were represented in tumors (LARSON et al. 1994). 
The latency period of LM02 induced leukemia was approximately 10 months, 
similar to that for LMOl, again suggesting the requirement for additional muta
tional events (LARSON et al. 1994). As with LMOl, the incidence of tumorigenesis 
but not the latency period was correlated to the amount of trans gene expression in 
T cells (LARSON et al. 1994). Widespread overexpression of LM02 using the 
inducible metallothionein-I promoter resulted in tumors that were only of T cell 
origin and whose development was similar to those induced by CD2 or thyl.l 
driven LM02 misexpression (NEALE et al. 1995b). Similar to the case with LMOl, 
this suggests that only T cells provide a microenvironment which can be pertmbed 
to oncogenesis by LM02 overexpression. Thus, although similar in latency period 
and specificity for induction of T cell leukemia, the pre-malignant changes and the 
tumors resulting from LMOI and LM02 misexpression are qualitatively different. 

One of the additional mutational requirements for LM02 mediated leu
kemogenesis may be the upregulation of Tall expression in the same cell. Tall, 
which encodes a basic helix-loop-helix protein, is activated in over 25% of T-ALL 
cases, either by deletion of its promoter, or by translocation-mediated deregulation 
(BAER 1993) and some tumors show activation of both LM02 and Tall (WADMAN 
et al. 1994). Like LM02, Tall is normally expressed in erythroid cells and is 
required for erythropoiesis (SHIVDASANI et al. 1995; PORCHER et al. 1996), and 
LM02 and Tall can be immunoprecipitated as a complex from erythroid cells, 
suggesting that they function together in directing erythroid differentiation 
(WADMAN et al. 1994; V ALGE-ARCHER et al. 1994). Although no tumors resulted 
from misexpression of Tall alone in the thymus (ROBB et al. 1995b; LARSON et al. 
1996), coordinate misexpression of Tall and LM02 using the CD2 promoter de
creased the latency period of leukemogenesis from 10 months for LM02 alone, to 
7 months for LM02/Tall (LARSON et al. 1996). The tumor phenotypes generated 
by LM02/Tall were generally CD4-CDS-, rather than the mixed phenotypes 
observed for LM02 alone, or CD4 + CDS + for LMO 1 alone, indicating that the 
presence of Tall affects the developmental fate or origin of tumors. LM02 and 
Tall could be co-immunoprecipitated from double transgenic thymuses, implying a 
coordinate involvement of these proteins in directing aberrant T cell development, 
as well as normal erythroid development. Although the co-misexpression of Tall 
may answer some questions of how LM02 directs leukemic development, the rel
atively long 7-month latency period still implies the involvement of other, as yet 
unknown steps in the pathogenesis of T -ALL. 

6 LIM Homeobox Genes 

The initial isolation of the homeobox genes encoding the LIM domain-containing 
proteins, lin-II, Isll, and mec-3, from the vastly divergent species of C. elegans 
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(mec-3 and lin-I1) and rat (Isll), illustrated the widespread use of this gene family 
across evolution. Additional genes were subsequently isolated from Drosophila, 
zebrafish, chinook salmon, Xenopus, chick, mouse, and human, suggesting that 
every animal species, from the lowest invertebrates to humans, utilizes LIM 
homeodomain proteins in their development and homeostasis. 

LIM homeobox genes have restricted patterns of expression during embryo
genesis and function in the specification of cell lineages. Most are expressed within 
regions of the developing nervous system but many have additional domains of 
expression in non-neuronal tissues, such as muscle, endocrine tissues, and sites of 
lymphocyte differentiation. Continued expression of most of these genes in adult 
tissues implies a role in the maintenance of differentiated cell phenotypes. The LIM 
homeodomain proteins share the same general structure, with two N terminal LIM 
domains, separated from a homeodomain by a linker region. Putative transcrip
tional activation domains have been found either within the linker region (apter
ous) or C terminal to the homeodomain. 

6.1 Invertebrate LIM Homeodomain Proteins 

The lin-Ii gene was isolated by the mapping of a transposon insertion in a lin-II 
mutant strain of C. elegans (FREYD et al. 1990). Such mutants have defects in vulval 
formation due to an inability to generate necessary vulval cells through the 
asymmetric cell division of secondary blast cells (Table I). In mutant animals, this 
division generates two daughter cells which take on the same fate, rather than their 
normal disparate fates (FERGUSON et al. 1987). The transposon insertion was found 
to interrupt a homeobox in the lin-II gene and conceptual translation of lin-II also 
identified a proline rich C terminus indicative of a transcriptional activation do
main and two N terminal LIM domains (FREYD et al. 1990). Of interest, the LIM 
domains of lin-II are more closely related to the LIM domains of the rat Isil than 
to the C. elegans LIM protein mec-3, although the homeodomains of lin-II and 
mec-3 are much more similar to each other (43/60 residues identical) than they are 
to the homeodomain of Isll (27/60 from Isll to lin-II). Comparison of the 
homeodomain sequences of the LIM proteins lin-II, IsH, and mec-3 with those of 
other homeodomain classes indicated that the LIM proteins were more similar to 
each other within this region than to the antennapedia and paired classes of 
homeodomain proteins. Notably, a conserved tyrosine found at position 25 of the 
homeodomains of antennapedia and paired class proteins was substituted with a 
basic residue in each of the LIM homeodomain proteins, distinguishing the LIM 
domain genes as a new homeobox class. 

As with lin-II, the mec-3 gene was identified by transposon tagging in a mutant 
C. elegans strain (WAY and CHALFIE 1988). mec-3 mutants are insensitive to gentle 
touch as a result of improper development of six mechanosensory "touch" neurons. 
Analogous to the vulval defect in lin-II mutants, daughter cells which normally 
result from an asymmetric cell division become the same type of cell in mec-3 
mutants, precluding the normal development of one of the daughter cells into a 
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touch cell. From their studies, the authors concluded that mec-3 specifies a touch 
cell fate while repressing an alternative fate, that of the sister cell. 

The first Drosophila LIM homeobox gene, apterous (ap), was simultaneously 
isolated by two different groups, one looking at its effects in wing development, and 
the other in muscle and neuronal development. Apterous was cloned in a search for 
the gene resulting in the wingless and haltereless apterous mutant strain of Drosophila 
melanogaster (COHEN et al. 1992). Mapping of a P element insertion in an ap mutant 
identified the LIM homeobox gene encoding a 459 amino acid protein with a proline
rich linker region which may serve as a transcriptional activation domain. High levels 
of ap expression were seen in the larval wing imaginal disks, in regions destined to 
become the dorsal surface of the wing, haltere blade, and wing hinge in the adult. In 
addition, ap was expressed in leg, eye, and antennal imaginal disks. 

The onset of ap expression in the second instar larval wing imaginal disc 
coincided temporally and spatially with the restriction of dorsal and ventral lin
eages in the wing (DIAZ-BENJUMEA and COHEN 1993). Genetic mosaic analysis 
resulted in the formation of ap- clones surrounded by ap+wild-type cells in the 
dorsal surface of the wing, resulting in an ectopic wing margin. Oddly, the ectopic 
margin resulted in the additional outgrowth of wild-type cells, suggesting that 
formation of the dorsal-ventral boundary between ap - and ap + cells normally 
produces a signal that induces proliferation. In agreement, the ap mutant flies in 
which the wing margin is never formed, are wingless, suggesting a requirement for 
dorsal-ventral boundary formation in wing development (also WILLIAMS et al. 
1993). Thus the removal of ap from presumptive dorsal wing cells makes them 
ventral in character and the continued expression of ap is required to maintain a 
dorsal phenotype, suggesting a role for ap in the specification and maintenance of 
dorsal wing cell types (BLAIR et al. 1994). 

BOURGOUIN et al. (1992) independently identified apterous using an enhancer 
trap strategy to identify genes expressed specifically in subsets of neurons and 
muscles. ap expression was seen in six muscles of each abdominal hemisegment in 
the embryo with overall expression peaking in mid-embryonic development. In ap 
mutants, these abdominal muscles are not formed suggesting a functional role for 
ap in muscle differentiation. In support of this hypothesis, ectopic expression of ap 
under control of a heat shock promoter resulted in the formation of extra muscles 
in this region. In addition, ap expression in five neurons near the apterous ex
pressing abdominal muscles, suggested that these may represent motor neurons 
innervating the ap + abdominal muscles. 

Ap expression in the CNS was also seen in the embryonic brain and ventral 
nerve cord (COHEN et al. 1992; BOURGOUIN et al. 1992; LUNDGREN et al. 1995). 
Neurons of the ventral nerve cord expressing ap were identified as interneurons, 
which began elongating axons soon after the onset of ap expression (LUNDGREN 
et al. 1995). Ap + interneuron axons all followed the same pathway within the 
ventral nerve cord, eventually fasciculating with one another. In ap mutants, 
however, the neurons that normally express ap projected axons along incorrect 
pathways and did not fasciculate with one another, perhaps explaining the unco
ordinated nature of ap mutant flies (ALTARATZ et al. 1991). 
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6.2 Vertebrate LIM Homeodomain Proteins 

Aside from Isll, the first vertebrate LIM homeobox genes were cloned by TAIRA 
et al. (1992) from Xenopus laevis using a degenerate PCR approach based on the 
LIM class of homeobox sequences. Xlim-l, the first to be characterized, encoded a 
protein with similar structure to those described previously, and contained a C 
terminal proline rich region (TAIRA et al. 1992). Expression of Xlim-l began at the 
gastrula stage, with highest levels in the dorsal lip of the blastopore (Spemann's 
organizer) and the dorsal mesoderm and endoderm with only low levels seen in the 
ectoderm. mRNA levels peaked in the late gastrula/early neurula stage and de
clined, although a secondary activation of Xlim-l was observed at the tadpole 
stage. Activin A, a dorsal mesoderm inducer, as well as retinoic acid, activated 
Xlim-l expression, and these agents synergized with one another in the induction of 
Xlim-l. High levels of Xlim-l expression were localized in the prechordal plate and 
notochord, disappearing from the notochord during neural tube formation, at 
which time Xlim-l is expressed in the lateral regions of the neural tube itself (TAIRA 
et al. 1994a). At later stages, Xlim-l was seen in the forebrain, midbrain, and 
hindbrain. In addition, high levels of expression were seen in the dorsolateral region 
destined to become the pronephros and pronephric duct, and continued to be 
expressed in the adult kidney. 

Injection of RNA encoding Xlim-l with deleted or mutant inactive LIM do
mains into two cell embryos activated expression of the neuronal markers NCAM 
and engrailed-2 as well as cement gland markers (TAIRA et al. I 994b). Interestingly, 
explant experiments showed that mutant Xlim-l injection could induce neuronal 
markers in adjacent, uninjected cells, suggesting a non-cell autonomous function 
for Xlim-l. Presumably, the direct or indirect activation of genes encoding secreted 
or cell surface neuralizing molecules results in neuronal differentiation of nearby 
cells. Injection of mutant RNA also induced expression of goosecoid, another 
homeobox gene expressed in the organizer region. Finally, ectopic expression of 
mutant Xlim-l in ventral regions of the embryo resulted in secondary axis forma
tion similar to that seen with injection of goosecoid RNA. Coinjection of mutant 
Xlim-l and goosecoid resulted in the synergistic formation of secondary axes, often 
resulting in two ectopic notochords. In these studies, wild-type Xlim-l RNA only 
slightly activated muscle specific genes in the ventral mesoderm, and had no neu
ronal differentiation activity. The TGF~ family member nodal, whose expression is 
restricted to the node of gastrulating mouse embryos (ZHOU et al. 1993), may be 
upstream of Lim 1 activation. In zebrafish, nodal coordinately up regulates Liml 
and goosecoid and similarly induces ectopic secondary axes when misexpressed 
(TOYAMA et al. 1995a). 

Lhxl, the murine homologue of Xlim-l, was found to be virtually identical in 
the LIM domains and homeodomain to its amphibian counterpart (BARNES et al. 
1994; FUJII et al. 1994). As in Xenopus, Lhxl is expressed in gastrula staged em
bryos (E7-7.5) in the periphery of the node, the mammalian equivalent of the 
organizing blastopore lip (BARNES et al. 1994). Expression in the surrounding 
lateral and intermediate mesoderm was also evident and in later stages in the 
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nephragenic cord, mesonephros, mesonephric duct, hindbrain, and the postmitotic 
commissural neurons of the dorsolateral neural tube (BARNES et al. 1994; FUJII et al. 
1994). In the adult, Lhxl expression is maintained in the cerebellum, medulla, and 
the kidney. Thus, early gastrula expression of Xlim-l and Lhxl in the organizer and 
the mesoderm suggests a regionalizing role for this gene, while the specificity of 
later embryonic expression in the kidney, neural tube, and brain implies a cell type 
specification function similar to that of lin-II, mec-3, and apterous. Finally, ex
pression in adult tissues indicates an additional role for the maintenance of dif
ferentiated cell phenotypes. 

Compelling evidence for the role of Lhxl in embryonic anteriorization and cell 
type specification was illustrated by deletion of the gene by homologous recom
bination in mice (SHAWLOT and BEHRINGER 1995). This knockout resulted in em
bryonic lethality around EI0, and recovered embryos were devoid of head 
structures anterior to rhombomere 3 of the hindbrain. Forebrain and midbrain 
markers were not expressed in the mutant embryos. In gastrula staged embryos, no 
organized node was formed in the head region and the node markers Brachyury and 
HNF3~ were absent. Posterior to the hindbrain, development appeared to proceed 
normally, except for the absence of kidneys and gonads noted in the rare -j- mice 
that were carried full term. 

Lhx2 (LH-2) was cloned by a subtractive hybridization approach to identify 
genes preferentially expressed in early B cell development (Xu et al. 1993). In the 
homeodomain region, Lhx2 is most closely related to apterous, but divergence of 
the LIM domains prevents positive identification of Lhx2 as the mammalian 
homologue of apterous. Lhx2 is also expressed in T cell lines and shows highest 
levels of expression in the embryo, especially in the developing nervous and im
mune systems and the pituitary (Xu et al. 1993; ROBERSON et al. 1994). In the 
embryonic nervous system, expression is concentrated in the differentiating neu
rons of the fore-, mid-, hindbrain, and spinal cord as well as in the developing 
retina and optic stalk (Xu et al. 1993). Localization of Lhx2 to the embryonic 
liver probably reflects pre-B cell development. In the adult, Lhx2 is expressed in 
the cerebral cortex. Overexpression of Lhx2 in chronic myelogenous leukemia 
(CML), a stem cell leukemia of myeloid lineage, implicates a role for Lhx2 in the 
pathogenesis of this disease (Wu et al. 1994). Of interest, Lhx2 maps to human 
chromosome 9q34.1 with c-Abl, whose translocation with the B cell receptor gene 
to generate the Philadelphia chromosome results in the BCR-Abl fusion onco
protein, the hallmark of CML (Wu 1995). Lhx2 is not translocated in the process, 
but disruption of surrounding regulatory regions results in up regulated gene ex
pressIOn. 

Identification of Xlim-3 using the same PCR based screen that isolated Xlim-l 
(TAIRA et al. 1992) revealed yet another LIM homeobox gene with high levels of 
specific expression in the embryonic nervous system. Highest levels of Xlim-3 ex
pression were found in the anterior and intermediate lobes of the pituitary, but 
postmitotic ventral motor neurons of the hindbrain and spinal cord, the retina, and 
the pineal gland also expressed Xlim-3. As with the other LIM homeobox genes, 
residual expression was evident in the adult, in the pituitary, eyes, and brain, 
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suggesting a role for Xlirn-3 in the differentiation and maintenance of neuroendo
crine and neuronal tissues. 

The murine homologue of Xlirn-3 was shown to have an embryonic expression 
pattern very similar to that described for Xlirn-3 (SEIDAH et al. 1994; BACH et al. 
1995; ZHADANOV et al. 1995). Expression of Lhx3 in Rathke's pouch (E9.5), the 
primordium of the pituitary, preceded pituitary morphogenesis and the early 
marker ()(-GSU. However, in contrast to the expression in Xenopus, Lhx3 expres
sion in the adult mouse was limited to the anterior and intermediate lobes of the 
pituitary, but absent in the remainder of the nervous system. The role of Lhx3 in 
development of the pituitary was demonstrated by targeted disruption of the gene 
which resulted in mice lacking both anterior and intermediate lobes of the pituitary 
(SHENG et al. 1996). Embryos were carried for the full gestation period but died 
either late in development or shortly after birth. In mutant embryos, Rathke's 
pouch formed but failed to grow and none of the hallmark pituitary genes (TSH~, 
GH, LH, or Pit-I) were expressed, suggesting that Lhx3 is required for the gen
eration or differentiation of a precursor cell common to the thyrotrope, gonado
trope, somatotroph, and lactotroph lineages. 

A general search for homeobox genes identified Lhx4 (Gsh-4) which is very 
similar to Lhx3 within the homeodomain as well as in the region C terminal to the 
homeodomain (LI et al. 1994). However, in contrast to Lhx3, no expression was 
evident in the retina or Rathke's pouch, but like many other Lhx genes, Lhx4 is 
expressed in ventral regions of the hindbrain and neural tube. Homozygous de
letion of the gene resulted in lethality shortly after birth, but the cause of death 
was inconclusive. Newborn pups had apparently normal neural tubes and moved 
normally, yet had difficulty inflating their lungs and presumably died as a result. 
While lung development appeared to be relatively normal, expression of Lhx4 in 
the ventrolateral medulla of wild-type animals, where the respiratory control 
centers are located, suggests a potential defect in the respiratory center of mutant 
mIce. 

LhxS is the homologue of Xlirn-2 isolated in the screen that identified Xlirn-l 
and Xlirn-3 (TAIRA et al. 1992), but was first described in zebrafish as LirnS 
(TOYAMA et al. 1995b). Lim5 was found to be most similar to Xlim-l/Lhxl with only 
one amino acid difference in the homeodomain. In both Xenopus and zebrafish, 
expression first appeared in the late blastula stage and peaked in the mid-gastrula. 
In contrast to Xlirn-l/Lhxl, LirnS expression is localized in the ectoderm rather 
than the endoderm and mesoderm of the gastrula, but like Xlirn-l/Lhxl shows 
restriction of expression within the central nervous system later in development. 
During neurulation, LirnS expression marked an anterior region of the neural plate, 
resulting in a stripe of expression possibly demarcating the future boundary be
tween the diencephalon and midbrain. Unlike Xlirn-l, which is upregulated in the 
presence of high levels of activin, Xlirn-S is repressed by low concentrations of 
activin in dissociated cells, suggesting that differential regulation by external factors 
results in the differential expression patterns of these very similar genes. 

Although initially isolated by virtue of its binding to the rat insulin I minien
hancer, Lrnxl appears to also playa role in dorsal-ventral patterning of the limb 
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bud (RIDDLE et al. 1995). Lmxl expression is induced in the dorsal mesoderm of the 
limb bud by Wnt7a, which is secreted from the dorsal ectoderm immediately prior 
to expression of Lmxl in the underlying mesoderm. The causality of the Lmxl 
induction was determined by infecting the ventral ectoderm of a chick limb bud 
with a retrovirus containing Wnt7a, which induced ectopic Lmxl expression in the 
ventral mesoderm. Retroviral infection with Lmxl in the ventral mesoderm pro
duced a dorsalization of the tendons, muscles, and digits of the limb bud, and in 
some cases, extra digits. Such dorsalization of ventral structures suggests a role for 
Lmxl in limb development analogous to that of apterous in the dorsalization of the 
fly wing. In each case, it appears that the default state is ventral, with the LIM 
homeobox genes providing dorsalizing signals to create dorsal-ventral polarity in 
the appendage. When extra digits were formed as a result of Lmxl infection, ec
topic expression of sonic hedgehog (shh) was seen just proximal to the border of 
tissue expansion. The authors also noted Lmxl expression in the notochord and 
mesonephros, and uniform expression in the neural tube in early stages. Expression 
in the neural tube later became restricted to the roof plate, floor plate, and a subset 
of dorsal neurons. Notochordal expression of Lmxl is interesting, in that the 
notochord has been shown to be a source of shh secretion, which directs the dif
ferentiation of floor plate and motor neurons of the overlying neural tube (YAMADA 
et al. 1993; ERICSON et al. 1995). 

Also isolated in a screen for proteins capable of binding to the rat insulin I 
minienhancer (KARLSSON et al. 1990), lsll shows the most conservation across 
species of the known LIM homeobox genes with 98% amino acid identity from 
zebrafish to rat (INOUE et al. 1994). In addition to its expression in the pancreatic 
islets cells for which it was named, lsll is found in many different endocrine and 
neuronal tissues. High levels of lsll are expressed in the anterior and intermediate 
lobes of the pituitary, in calcitonin producing thyroid cells, and in ad reno medullary 
chromaffin cells (THOR et al. 1991). Widespread expression in the nervous system 
includes neurons of the autonomic peripheral nervous system (in the adrenal me
dulla), somatic sensory neurons of the dorsal root ganglia, motor neurons, cranial 
motor nuclei, neurons of the hypothalamus, pineal gland, and the retina and visual 
processing centers of the brain. As with the other LIM homeobox genes, lsll 
expression continues through adult stages, implying a role in maintenance of dif
ferentiated phenotypes. 

The involvement of lsll in motor neuron differentiation has been the most 
widely studied aspect of this gene in development. In chick embryos, Isll precedes 
expression of SCI, an immunoglobulin-like surface molecule which was the earliest 
known marker of motor differentiation prior to the characterization of Isll 
(ERICSON et al. 1992). Isll expression in the ventral neural tube also precedes that of 
the other LIM homeodomain proteins expressed in this region (PFAFF et al. 1996). 
BrdU labelling, however, revealed that Isll is only expressed in post-mitotic cells of 
the neuroepithelia. Experiments in which notochord or floor plate cells were grafted 
to the dorsal region of the neural tube resulted in ectopic expression oflsll and SC I 
in this region. In agreement with the notion of a notochord derived inductive signal, 
removal of the notochord from its usual position underlying the ventral midline of 
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the neural tube prevented development of the floor plate and Isll + jSCl + motor 
neurons. Upregulation of dorsal markers in the ventral neural tube also occurred 
following removal of the notochord, suggesting that a notochord derived signal 
represses dorsal markers in addition to inducing ventral markers. It was subse
quently shown that media conditioned by the notochord or floor plate was suffi
cient to induce Isll in neural tube explants (YAMADA et al. 1993). 

The identification of sonic hedgehog (shh), the vertebrate homologue of the 
Drosophila gene hedgehog, and its expression in the notochord and floor plate led to 
more elaborate studies of ventral neuron differentiation in the developing brain. 
ERICSON et al. (1995) showed that chick explants from the telencephalon, dien
cephalon, and rhombencephalon began expressing Isll when grown on COS cells 
expressing shh. In the rhombencephalon explants, induced cells were also SCI + 

indicating a normal motor neuron phenotype for these cells. In this region, 
Isll-jSCl-jFPl + floor plate cells were also induced. In the diencephalon and tel
encephalon explants, SCI was not induced (these cells are normally not motor 
neurons), but Isll + cells were also Nkx-2.1 + , identifying them as forebrain neurons 
in agreement with their origin. Coexpression of Lhxl in the ventral diencephalic 
neurons suggested that Lhxl may serve as a marker for the diencephalon, although 
its expression does not appear to be mediated by shh. These experiments indicated 
that shh is sufficient to induce Isll expression and that early rostrocaudal distinc
tions are maintained in vitro. 

Finally, targeted disruption of the Isll gene in mice illustrated its requirement 
for motor neuron differentiation and surprisingly, for the differentiation of ventral 
interneurons which do not normally express Isll (PFAFF et al. 1996). Isll deficient 
embryos arrested in development around E9.5 and died by ElLS, perhaps due to 
defects in the dorsal aorta. In E9.5 embryos, typical motor neuron markers were 
undetectable indicating that motor neuron differentiation had not occurred, 
although shh expression and the gross development of the neural tube appeared 
normal. Thinning of the ventral neuroepithelia in Isll -j- mice suggested that 
presumptive motor neurons underwent apoptosis rather than assuming the fate of 
another neuronal cell type. Engrailed+ interneurons which typically arise just 
dorsal to the Isll + motor neurons, also did not form in Isll mutant embryos, 
indicating a motor neuron dependent step in interneuron development. Embryos 
deficient in Isll expression also lacked pancreatic endocrine islet cells as well as 
dorsal exocrine tissues of the pancreas, which apparently resulted from the failure 
of early Isll function in the pancreatic mesenchyme (AHLGREN et al. 1997). 

While displaying impressive functions when studied in isolation, the LIM 
homeobox genes have even more interesting developmental roles when viewed in 
combination with one another. Studies of the combinatorial expression patterns of 
LIM homeobox genes in the chick neural tube suggested that these genes are not 
functionally redundant and that combinatorial expression may direct axonal mi
gration and thereby specify target muscle innervation (TSUCHIDA et al. 1994). In
dividual motor columns organized in the ventral neural tube were shown to express 
specific subsets of Isll, Is12, Lhxl, and Lhx3, correlating to sites of future target 
muscle innervation. Thus the medial subdivision of the median motor column 
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neurons which innervate axial muscles express Isl1, Is12, and Lhx3, while the lateral 
subdivision of the median motor column which projects axons to the body wall 
muscles are defined by the expression of only Isl1 and Is12. The medial subdivision 
of the lateral motor column neurons which project to ventrally derived limb 
muscles express Isl1 and Is12, while the lateral subdivision of the lateral motor 
column which innervate the dorsally derived limb muscles selectively express Isl2 
and Lhxl. Finally, the column of Terni sympathetic neurons express only Isl1, 
suggesting that expression of Isl1 in the absence of Is12 specifies a visceral rather 
than somatic neuronal fate (for further review, see LUMSDEN 1995; TOSNEY et al. 
1995; TANABE and JESSELL 1996). As virtually every cell in the differentiated neural 
tube has been shown to express at least one known LIM homeobox gene, it is likely 
that combinatorial expression of these genes in more dorsally located neurons will 
also specify their identity as well. 

Considered as a whole, LIM class homeobox genes play a general role in 
dorsal-ventral patterning of appendages and the central nervous system and are 
confined to primarily post-mitotic cells of the nervous system and to cells of en
docrine lineages. This is in contrast to the HOX genes which appear earlier in 
development and specify rostral-caudal patterning of the central nervous system 
(MCGINNIS and KRUMLAUF 1992; KRUMLAUF 1994). Notable exceptions are Lhxl 
and Lhx5, whose early expression in the gastrula suggests more uncharacteristic 
regionalizing functions. Finally, the overlapping expression but apparently distinct 
functions of LIM homeobox genes in the same tissues suggests a non-redundant 
role for each of these genes in development. Every known vertebrate LIM 
homeobox gene has been shown to be expressed in the neural tube, and the anterior 
and intermediate lobes of the pituitary simultaneously express Lhx2, Lhx3 and IslI. 
Similarly, pancreatic islet cells express Isll and LmxI, and the thymus and retina 
coexpress Lhx2 and IslI. An additional level of complexity may involve a balance 
between LIM homeodomain proteins and non-LIM homeodomain proteins within 
the same cells, as some promoters have been shown to be regulated by both LIM 
and non-LIM homeodomains. 

7 LIM Domain Proteins in Transcription 

The identification of a homeobox in the genes of each of the three founding LIM 
members, lin-II, IslI and mec-3, immediately indicated a functional role for LIM 
domain-containing proteins in transcription. Furthermore, the sequence of each of 
the original LIM proteins identified a putative C terminal transcription activation 
domain (reviewed by MITCHELL and TJIAN 1989): Isll was found to contain a 
glutamine-rich region (KARLSSON et al. 1990), lin-ll a proline-rich region (FREYD 
et al. 1990), and mec-3 an acidic domain (WAY and CHALFIE 1988). Indeed the 
acidic domain ofmec-3 functioned as an activation domain when fused to the Ga14-
DNA binding domain (LICHTSTEINER and TJIAN 1995). Although lacking an ob-
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vious DNA binding domain, the nuclear localization and interaction of the LMO 
family members with the DNA binding transcription factors Tall (V ALGE-ARCHER 
et al. 1994; WADMAN et al. 1994) and GATA-1 (OSADA et al. 1995), suggests a 
similar role for the LIM-only proteins in transcription. In contrast to the LIM 
homeodomain proteins, however, LM01 and 2 contain an N terminal transcription 
activation domain with only slight homology to the classic VP16 activation do
main. These studies suggested that, while incapable of binding DNA alone, LMO 1 
and 2 may activate transcription via interaction with other DNA bound factors 
such as Tall (SANCHEZ-GARCIA et al. 1995). 

7.1 Gene Targets 

Surprisingly few gene targets for the LMO and LIM homeodomain proteins have 
been identified. To date, the only known promoters through which the LIM 
homeodomain proteins directly function regulate genes encoding secreted hor
mones in endocrine cell lineages. The sole exceptions are the regulation of mec-3 
expression by its own gene product, and regulation of the POU homeobox Pit-l 
gene by Lhx3. Notably absent are promoters of genes specifically expressed in 
neuronal and erythroid cell types, where the LIM homeodomain and LMO pro
teins are highly expressed and are required for proper development. 

Although IsH was initially isolated from a pancreatic islet cell line by virtue of 
its homeodomain binding to the rat insulin I minienhancer element (KARLSSON 
et al. 1990), the subsequent cloning and characterization of another LIM 
homeodomain protein, Lmx1, suggested that this factor plays a more physiological 
role in insulin gene regulation than ISIl (GERMAN et al. 1992a) (Table 2). The E2 
minienhancer extends from -247 to -198 of the rat insulin I gene and contains two 
elements known as Far and FLAT which bind distinct complexes from insulin 
producing pancreatic islet ~ cells that are interdependent for transcription (GER
MAN et al. 1992). E47 and E12, the ubiquitously expressed basic helix-loop-helix 
proteins, were shown to occupy the E box containing Far element (GERMAN et al. 
1991) while the FLAT element, which contains several overlapping homeodomain 
TAAT binding sites, was found to bind Lmxl with much higher affinity than Isll 
(GERMAN et al. 1992a). Reporter gene assays showed only modest activation of 
expression from the minienhancer by transfected Lmxl in a non-insulin producing 
hamster fibroblast cell line. However, co-transfection of El2 or E47 with Lmxl 
resulted in a 100-fold synergistic response which was dependent on the presence of 
LIM 1 ofLmxl and was not seen when the LIM domains ofIsll were substituted for 
those of Lmxl. 

While it is unlikely that IsH plays a major role in insulin I gene regulation 
(GERMAN et al. 1992a; DANDOy-DRON et al. 1993), it may be involved in tran
scription of two other pancreatic endocrine hormone genes, somatostatin and 
proglucagon. Two groups studying somatostatin gene expression in pancreatic islet 
D cells identified a binding site for Isll or a closely related protein within the 
upstream element of the promoter which extends from -114 to -78 of the so-
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matostatin gene (LEONARD et al. 1992; VALLEJO et al. 1992a). Full length recom
binant Isll footprinted this region in DNAse I protection experiments, and deletion 
of the putative Isll binding site reduced expression in reporter gene assays per
formed in the somatostatin and Isll expressing Tu-6 pancreatic islet tumor cell line. 
Supporting the involvement of Isll in somatostatin gene expression, transfection of 
Isll increased transcription from a minimal somatostatin promoter to which four 
Isll binding sites were added in RIN-5AH cells, which normally do not express 
somatostatin or Isll (LEONARD et al. 1992). In addition to the upstream element Isil 
binding site, high levels of transcription in somatostatin expressing cell lines re
quired a more proximal CREB binding site (-56 to -32), suggesting a synergistic 
relationship between these two factors in somatostatin gene expression (LEONARD 
et al. 1992; VALLEJO et al. 1992b). A second CREB binding site that overlapped the 
Isil site in the upstream element was required for maximal transcription, suggesting 
that Isll and CREB may either compete for binding to this site or heterodimerize 
on the DNA (VALLEJO et al. 1992a). Despite the evidence for Isll involvement in 
somatostatin gene expression, it is likely that homeodomain proteins other than 
Isil regulate the somatostatin gene, and it has been reported that the major 
homeodomain protein binding to the upstream element may be the antennapedia 
class IDX-IjSTF-I rather than a LIM homeodomain protein (LEONARD et al. 1993; 
MILLER et al. 1994). Interestingly, IDXljSTF -I also binds to the rat insulin I FLAT 
element (MILLER et al. 1994). 

More direct evidence for Isll mediated transcription comes from studies in
volving the pro glucagon proximal promoter (Table 2). This gene encodes the 
precursor polypeptide for glucagon (MOJsov et al. 1986), which is secreted from 
pancreatic islet cr cells (THORENS and WAEBER 1993). The 100 base pairs immedi
ately upstream of the proglucagon gene transcription start site contain three Isll 
binding sites, designated Ga, Gb, and Gc, each of which bound Isll with higher 
affinity than the rat insulin I minienhancer in electrophoretic mobility shift assays 
(EMSAs) (WANG and DRUCKER 1995). Full length in vitro translated Isll was 
capable of binding to these sequences, and importantly, protein-DNA complexes 
generated from nuclear extracts of Isll-expressing InRI-G9 cells were supershifted 
with anti-Isll antisera. Additionally, transcriptional activation of reporter genes 
mediated by the Gb and Gc elements in InRI-G9 cells could be blocked by co
transfection of antisense Isll constructs, which effectively diminished Isll protein 
levels in these cells. 

In addition to the Isll and Lmxl mediated transcription of pancreatic endo
crine hormone genes, the endocrine cells of the pituitary have been shown to utilize 
the LIM homeodomain proteins Lhx2 and Lhx3 in regulating the expression of 
secreted pituitary hormones. The pituitary glycoprotein hormone basal element 
(PGBE), which extends from -344 to -300 of the cr-glycoprotein subunit (cr-GSU) 
gene was shown to bind Lhx2 (ROBERSON et al. 1994). The cr-GSU gene is expressed 
early in pituitary development (~E9), and encodes the common cr-subunit shared 
by the pituitary glycoprotein hormones (PIERCE and PARSONS 1981). The PGBE is 
sufficient for directing maximal expression in gonadotrope lineages which express 
luteinizing hormone and follicle-stimulating hormone, and thyrotrope lineages 
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which express thyroid-stimulating hormone (SCHODERBEK et al. 1992). Addition
ally, the PGBE showed a shift in EMSA experiments specific to gonadotrope and 
thyrotrope cell types (ROBERSON et al. 1994). DNAse I protection experiments 
indicated a footprinted region of the PGBE by recombinant Lhx2 homeodomain, 
which included a CTAATT A motif also found in the rat insulin I promoter, and 
mutations in this site which blocked Lhx2 binding also affected transcription of 
reporter genes driven by the full cr-GSU promoter in a gonadotrope cell line. Co
transfected Lhx2 activated transcription from the cr-GSU promoter or three copies 
of the PGBE in heterologous COS cells (ROBERSON et al. 1994). 

The LIM homeodomain protein, Lhx3, also binds to the PGBE in vitro and 
activates transcription from the cr-GSU promoter in CV -1 cells (BACH et al. 1995). 
In these studies, Lhx3 acted synergistically with the pituitary specific POU 
homeodomain protein Pit-I in activation of transcription from the Pit-I, thyroid 
stimulating hormone-~ and prolactin promoters, but not the cr-GSU promoter. The 
LIM domains of Lhx3 were required to achieve the synergistic effect. Interestingly, 
Pit-l and Lhx3 were shown to interact in vitro, through either LIM domain of Lhx3 
and the POU domain of Pit-I, suggesting that direct association between these 
proteins on a DNA element results in enhancement of transcription of certain 
pituitary specific genes. Regulation of the Pit-l gene, therefore, appears to involve a 
positive feedback loop in which initial low levels of the Pit-l gene product may 
synergize with Lhx3 to direct much higher levels of expression from the Pit-l 
promoter. 

A similar example of a synergistic transcriptional relationship between a LIM 
and a POU homeodomain protein comes from the study of C. elegans mec-3 gene 
expression and its product, a LIM homeodomain protein. In early studies of mec-3 
mutants, it was found that the POU protein unc-86 and the mec-3 protein itself 
were required for maintaining expression from a mec-3 promoter using lacZ re
porter constructs in mutant animals (WAY and CHALFIE 1989). U nc-86 appeared 
responsible for the initiation of mec-3 gene expression, while both unc-86 and mec-3 
proteins were required for the subsequent maintenance of expression (XUE et al. 
1992, 1993). This finding makes sense in terms of the development of the mec-3 
expressing touch receptor neurons, which arise through the asymmetric cell division 
of an unc-86 expressing parent cell (WAY and CHALFIE 1989). Thus, similar to the 
Pit-l and Lhx-3 relationship with the Pit-l promoter, unc-86 may initiate low levels 
of mec-3 expression in a new daughter cell, which would subsequently synergize 
with unc-86 in maintaining high levels of expression throughout the life of the 
animal (XUE et al. 1992). Although these results do not discriminate between direct 
versus indirect regulation of the promoter by unc-86 and mec-3, further studies 
illustrated that both proteins bound to overlapping sites in at least three elements 
within the mec-3 promoter (XUE et al. 1992, 1993). Heterodimerization increased 
the specificity and affinity of the unc-86/mec-3 complex binding to DNA (XUE et al. 
1993; LICHTSTEINER and TJIAN 1995). Like Lhx3 and Pit-I, mec-3 and unc-86 were 
shown to bind each other in vitro, although in this case, the LIM domains ofmec-3 
were not required for the interaction which occurred through the POU domain of 
unc-86 (XUE et al. 1993; LICHTSTEINER and TJlAN 1995). 
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A continually surfacing theme in the literature describing LIM domain-con
taining transcription factors is the synergistic relationship between LIM proteins 
and other ubiquitously expressed or tissue specific transcription factors. In most 
cases studied thus far, expression of a LIM homeodomain protein alone with a 
responsive element showed only modest (less than ten fold) activation of reporter 
genes (GERMAN et al. 1992a; BACH et al. 1995; ROBERSON et al. 1994; WANG and 
DRUCKER 1995; LICHTSTEINER and TJIAN 1995) while coexpression of other factors 
shown to bind nearby DNA elements increased transcription by at least an order of 
magnitude over the homeodomain alone (GERMAN et al. 1992; BACH et al. 1995; 
LICHTSTEINER and TJIAN 1995; VALLEJO et al. 1992b). The most notable examples 
are the Lmxl/E47 synergism which increases transcription from the rat insulin I 
promoter at least IOO-fold over Lmxl or E47 alone (GERMAN et al. 1992a) and the 
Lhx3/Pit-l synergy on the Pit-l promoter in which transcription is activated greater 
than lOO-fold over that with either factor alone (BACH et al. 1995). Thus, it is likely 
that despite the presence of DNA binding homeodomains and transcription acti
vation domains, the LIM transcription factors do not act alone to generate high 
levels of transcription from target genes. Instead, they appear to require additional 
factors, whether ubiquitously expressed (E47, CREB, or unc-86) or tissue specific 
(Pit-lor Tall as may be the case for LMOI and 2) to obtain maximal levels of 
transcriptional activation. These cofactors may (BACH et al. 1995; XUE et al. 1993; 
LICHTSTEINER and TJIAN 1995) or may not directly interact with the LIM proteins 
and in theory, these synergistic relationships can affect transcription by any of 
several possible mechanisms. Heterodimerization, indirect interactions, or binding 
to adjacent sites on a promoter element could affect DNA binding affinity, as 
appears to be the case for the mec-3 and unc-86 interaction (XUE et al. 1992, 1993; 
LICHTSTEINER and TJIAN 1995), or could affect local chromatin structure, allowing 
additional activating factors to bind nearby DNA elements. Synergism may also 
result from the removal of inhibitory factors which prevent DNA binding or 
transcription activation, or the concentration of activation domains near the basal 
transcription machinery. Finally, it is possible that synergizing factors recruit and 
concentrate additional non-DNA binding factors in close proximity to the basal 
machinery, thereby influencing transcription levels in an indirect manner. Several of 
these strategies are likely utilized by different promoters with their respective 
synergizing transcription factors, rather than one common mechanism acting at 
each distinct promoter. 

While evidence has accumulated describing how LIM-containing transcription 
factors regulate the expression of a small set of genes, there is a frustrating lack of 
gene targets that can explain the phenotypes observed in genetic mutants. In ad
dition to its own gene, mec-3 may regulate other genes identified by C. elegans 
mechanosensory mutants. Candidate targets for mec-3 include the mec-7 gene, 
which encodes a ~-tubulin used specifically by touch receptor neuron micro tubules, 
and the mec-4 gene, encoding a membrane protein whose expression is limited to 
the same six neurons as mec-3 (WAY and CHALFIE 1988; XUE et al. 1992). In the 
nervous system, it is possible that the Drosophila apterous protein and IsH, Lmx I, 
and Lhx proteins may upregulate expression of secreted ligands or cell surface 
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proteins that direct axonal migration of specific subsets of neurons to their target 
tissues (LUNDGREN et al. 1995; TSUCHIDA et al. 1994; TOSNEY et al. 1995). Alter
natively, these proteins may self-regulate their own genes or the genes of other 
transcription factors affecting neuron specific gene expression. Finally, LM02 may 
regulate erythroid differentiation factors such as Tall and GAT A I or erythroid 
specific genes such as the globins (WARREN et al. 1994). 

7.2 Role of LIM Domains in Transcription 

While it is evident that LIM domain containing transcription factors regulate gene 
expression, the role of the LIM domain itself in this process is unclear. Due to their 
similarity to GAT A-I zinc fingers, it has been suggested that LIM domains might 
be capable of binding DNA (LI et al. 1994; SANCHEZ-GARCIA and RABBITTS 1994; 
PEREZ-ALVARADO et al. 1994, 1996). LIM domains have generally been shown to 
lack affinity for DNA, and are therefore unlikely to be involved in DNA binding by 
themselves (SANCHEZ-GARCIA et al. 1993; XUE et al. 1993). On the other hand, it 
has become apparent that LIM domains function in the assembly of protein 
complexes through protein-protein interactions. In the case of Lmxl and Lhx3, the 
LIM domains are required for synergistic activation of transcription, presumably 
by mediating protein-protein interactions between partners (GERMAN et al. 1992a; 
BACH et al. 1995). Coupling of the LIM-only proteins through the LIM domains to 
other DNA binding bHLH proteins such as Tall may serve to tether the non-DNA 
binding LIM protein to a promoter element, where it would be in a position to 
affect transcription (WADMAN et al. 1994; VALGE-ARCHER et al. 1994). 

There is controversy in the literature regarding LIM domain-mediated inhi
bition of DNA binding by LIM homeodomain proteins. In DNA site selection 
experiments, intact LIM domains of recombinant Isll inhibited selection of the 
homeodomain consensus site T AA T, as well as transcription from a multimerized 
T AAT reporter construct in vivo (SANCHEZ-GARCIA et al. 1993). In addition, de
letion of the LIM domains of Lhx3 seemed to increase the affinity of this protein for 
the cx-GSU, TSH-~, and prolactin promoters (BACH et al. 1995). Likewise, deletion 
of the mec-3 LIM domains appeared to enhance DNA binding (XUE et al. 1993). In 
contrast, it has been clearly shown that full length recombinant or in vitro trans
lated Isll and other LIM homeodomain proteins are quite capable of binding DNA 
(GERMAN et al. 1992; LEONARD et al. 1992; BACH et al. 1995; WANG and DRUCKER 
1995; GONG and HEW 1994; XUE et al. 1992). 

Additional evidence for LIM domain mediated inhibition of transcription 
comes from the functional studies of Xlim-I (the homologue of murine Lhxl) in 
Xenopus laevis. Injection of Xlim-I RNA encoding a protein with deleted or mu
tated LIM domains into two cell embryos upregulated expression of the neuronal 
genes NCAM and engrailed as well as cement gland markers. The mutated protein 
also activated expression of muscle specific markers in Xbra expressing ventral 
mesoderm. Surprisingly, wild-type Xlim-l RNA had no effect on the expression of 
these genes and no obvious phenotypic effects. The conclusions drawn from these 
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experiments were that the LIM domains of Xlim-1 inhibit transcription, and that 
other LIM binding factors may be required to relieve the inhibition (TAIRA et al. 
1994). NLI/Ldb1 is proposed to be such a factor (AGULNICK et al. 1996). 

One can imagine two possible explanations for these apparently contradictory 
results. The first is that LIM domains inhibit DNA binding and transcription at 
some promoters and not others, presumably by blocking access of the homeodo
main to the DNA or by otherwise altering its conformation to prevent DNA 
binding. This could be due to intramolecular interactions between LIM and 
homeodomains or intermolecular interactions through proteins that recognize 
specific LIM domains. Such inhibition might be relieved by another LIM binding 
protein or a phosphorylation event which imparts a conformational change, freeing 
the homeodomain. An alternative explanation is that LIM domains confer DNA 
binding specificity to the homeodomain. In this context, the LIM domains could 
function by constraining the conformation of the homeodomain region to impart 
specificity of a specific LIM homeodomain protein for a subset of TAAT con
taining promoters. LIM domains could also impart specificity to the homeodo
mains by requiring the interaction with another promoter specific transcription 
factor for stable binding to that promoter. Finally, although there is little data to 
support LIM-DNA interactions, the LIM domains could make additional contacts 
with DNA (suggested by LI et al. 1991), thus providing promoter specific recog
nition analogous to the function of the POU specific (POUs) domain in POU 
homeodomain proteins. The POUs domain of Pit-1 was shown to lack affinity for 
DNA in isolation, but when adjacent to the DNA binding homeodomain, increased 
the affinity and specificity of Pit-1 for DNA dramatically (INGRAHAM et al. 1990). 
Like LIM domains, the POUs domain has also been shown to be involved in 
protein-protein interactions, allowing dimerization of Pit-Ion the prolactin pro
moter. 

In support of the second hypothesis that LIM domains provide DNA binding 
specificity, isolated homeodomains and full length homeodomain proteins are ca
pable of binding to a wide variety of T AA T containing elements with low affinity, 
and relatively unrelated homeodomain proteins are capable of binding to the same 
site in vitro (HOEY and LEVINE 1988; HAYASHI and SCOTT 1990; ROSENFELD 1991; 
KALIONIS and O'FARRELL 1993). For example, without the POU specific domain 
which provides DNA binding specificity to the POU proteins, the Pit-1 homeo
domain can bind to an engrailed site (INGRAHAM et al. 1990). Thus, overexpression 
of an isolated homeodomain or full length homeodomain-containing protein would 
be likely to non-specifically activate a variety of homeodomain responsive genes. 
Indeed, the studies of the LIM homeodomain proteins indicate promiscuity of 
homeodomain binding in vitro and in transfection assays in which protein levels are 
elevated over endogenous levels. For example, IsH, Lmx1, and the non-LIM 
homeodomain proteins Idx-l/STF-1 and HNF-IC(, have all been shown to bind to 
the rat insulin I FLAT element (GERMAN et al. 1992a; MILLER et al. 1994; LEONARD 
et al. 1993; EMENS et al. 1992). In addition, Lhx2 and Lhx3 are both capable of 
binding to and activating expression from the same site on the C(-GSU promoter 
(ROBERSON et al. 1994; BACH et al. 1995). It is possible that each factor plays a role 
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in regulation of the same gene at particular phases of development or under specific 
cellular conditions, but it seems more likely that cofactors, DNA binding affinities, 
and tight regulation of protein concentrations dictate the factor that plays a 
physiological role at each promoter. Finally, the high degree of conservation be
tween the homeodomain elements of various LIM domain proteins which appear to 
have distinct functions (Lhxl and Lhx5, Lhx3 and Lhx4, and IsH and Is12) argues 
that factors in addition to homeodomain sequences are necessary to discriminate 
between target promoters. 

8 Conclusions 

LIM domains are widely distributed in both nuclear and cytoplasmic proteins that 
have diverse functions. Although LIM domains have only about 30%-35% amino 
acid identity, they likely have very similar three-dimensional core structures. 
Studies of protein-protein interactions indicate that individual LIM domains have 
high specificity for particular target sequences in other proteins. Although not 
demonstrated, the LIM domains of the LIM homeobox class have the potential to 
augment DNA binding via the homeodomain. 

Specific biological functions of LIM domains are yet to be defined. Mutational 
and deletional analyses of the nuclear LMO and LIM homeodomain proteins re
veal essential requirements for these proteins in various developmental pathways 
but do not reveal the molecular mechanisms through which LIM domains act. 
Much less is known about the biological function of cytoplasmic LIM domain
containing proteins but these are likely involved in receptor trafficking, signal 
transduction and organization of the cytoskeleton. The conserved core of LIM 
domains consisting of Nand C terminal Zn2+ coordination modules provides a 
platform upon which sequence variations provide for target specificity. Molecular 
recognition is the fundamental role for this versatile module conserved from plants 
to man. 
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The WW domain, also known as WWP, or rsp5 domain, is a rv 40 amino acid 
module which was identified in late 1994 by three different groups (BORK and 
SUDOL 1994; ANDRE and SPRINGAEL 1994; HOFMANN and BUCHER 1995). The name 
WW or WWP is based on the primary sequence of the domain, which includes two 
highly conserved tryptophans and an invariant proline. Like several other pro
tein:protein or protein:lipid interaction domains, WW domains have been detected 
in numerous unrelated proteins, often alongside other domains, and often in 
multiple copies (reviewed in STAUB and ROTIN 1996) (Fig. I). The most noted 
examples ofWW-containing proteins are Nedd4 (neuronal precursor cell expressed 
developmentally downregulated) and its yeast homologues rsp5 and pub 1 , YAP 
(yes associated protein), dystrophin, FE65, essl/dodo/pinl, CD45AP (CD45 
associated protein), formin binding proteins (FBPs), and several other less well 
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Fig. 1. Schematic representation of selected proteins containing WW domains. WW domains are in black 
boxes. Single boxed W (e.g., in DP?I) represents a portion of the domain containing only the second 
conserved Trp. The C2 domain, known to mediate Ca2 + -dependent association with phospholipids/ 
membranes, is found in Nedd4/rsp5/Publ and also in PKC, PLA2, PLCy, rasGAP, synaptotagmin I and 
other protein. The HECT domain in Nedd4/rsp5 and 56G? is a ubiquitin protein ligase (E3) enzyme 
present also in E6-AP, the yeast yk1162, rat plOO and UreBI; Pro, proline-rich (SH3 binding) region; Cys, 
cystein rich region; Actin binding domain is homologous to actinin, calponin, vav and spectrin; spectrin 
repeats are 24 spectrin-like repeats; TM, transmembrane domain of CD45 associated protein (CD45AP); 
PH, pleckstrin homology domain also found in dynamin, SOS, PLCy, IRS-I, rasGAP and Btk; BCR 
(breakpoint cluster region) homology domain, also shared by p85 of PI-3 kinase, rhoGAP and n-chi
merin; PTB (phospho tyrosine binding) or PID (phosphotyrosine interacting) domains, recently suggested 
to be a subclass of PH domains, are also present in She, numb, XII and IRS-I; PPlase, peptidylpropyl 
cis-trans isomerase (see text); PTP, protein tyrosine phosphatases; Mp domain, homologous to the fly 
muscle protein mp20; the Y domain, shared by Y061 and Ykb2, has no known function. Sizes of domains 
and proteins are not to scale. (Reproduced and modified with permission from STAUB and ROTlN 
1996) 

characterized proteins (Figs. 1, 2). The presence of more than one WW domain in 
some of these proteins (e.g., Nedd4) suggests they interact with multiple targets. 
Phylogenetic analysis of the various WW domains reveals in some cases greater 
relatedness between WW domains from different proteins than those within the 
same protein (SUDOL et al. 1995), implicating divergent origin. As is elucidated 
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below, the WW domain is a protein:protein interaction module which likely 
functions in an analogous (yet distinct) fashion to SH3 domains. 

2 WW Primary Sequence 

Sequence alignment of various WW domains reveals it is a short module which 
generally includes the consensus sequence LXXGWtX6GtX(Y jF)(Y jF)h(NjD)Hx(T j 
S)tT(TjS) tWxtPt (where x = any amino acid, t = turn like or polar residue, and 
h = hydrophobic amino acid. Bold letters indicate invariant residues) (Fig. 2). 
Subclassification of the various WW domains identified to date is based on a 
phylogenetic analysis using sequence alignment of the conserved residues within the 
domain (SUDOL et al. 1995). This analysis suggests a hierarchy of relatedness in 
which Nedd4jrsp5 and YAP WW domains are very closely related, and both more 
distantly related to dystrophin WW domain (SUDOL et al. 1995). Accordingly, the 
WW domains of both YAP and Nedd4, but not of dystrophin, can bind to the 
peptide sequences PGTPPPxY derived from WBPI or ENaC (CHEN and SUDOL 
1995; Rotin, unpublished) (see below); Specific amino acid substitutions within the 
first half of the Nedd4 WW(U) domain, generated to mimic the dystrophin WW 
domain sequence, indeed abrogate binding to this peptide (D. Rotin, unpublished). 
Further distant from the Nedd4jrsp5-YAP and dystrophin WW domains (in in
creasing evolutionary distance) are the essljdodojpinl, msbl and FE65 WW do
mains. A more comprehensive phylogenetic analysis of the various WW domains is 
detailed elsewhere (SUDOL et al. 1995). 

3 WW Ligand Sequences: the PY Motif and the PPLP Motif 

A screen of an expression library using the YAP-WW domain as a probe has 
identified two novel proteins termed WW binding protein (WBP) I and 2, each 
containing short proline-rich repeats which also include a tyrosine (PPPPY) (CHEN 
and SUDOL 1995). Based on subsequent in vitro binding studies, a preliminary 
consensus for WW domain binding was proposed, the PY motif (xPPxY, x = any 
amino acid). Similar proline-rich PY motifs, recently identified in the epithelial 
Na + channel (ENaC) (STAUB et al. 1996; SCHILD et al. 1996), were demonstrated to 
associate in vitro and in living cells with the WW domains of Nedd4 (STAUB et al. 
1996). In the latter, each of the three subunits of the channel (C(pyENaC) contains a 
single, C-terminallocated PY motif (PPPAY, PPPNY, PPP(RjK)Y, for C(pyENaC, 
respectively). The biological significance of these ENaC-Nedd4 interactions is 
discussed below. The PY motif differs from SH3 binding motifs (xPpxP, where p is 
usually also a Pro) (FENG et al. 1994; Yu et al. 1994). Accordingly, work of CHEN 
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and SUDOL (1995) and our own work (STAUB et aI. 1996) has indicated that the PY 
motifs in WBP1, ~ENaC and yENaC were unable to bind in vitro to several SH3 
domains, including those of c-abl, GAP, Fyn, Yes, PLCy, c-src, p85 of PI3-kinase 
and ct-spectrin. An exception to this observation has been reported: a proline-rich 
sequence devoid of tyro sines in the protein formin was recently found to associate 
with both SH3 and WW domains (see below). A search through the gene bank 
database performed over a year ago has already identified close to 5000 sequences 
in mainly unrelated proteins conforming to the xPPxY sequence motif (EINBOND 
and SUDOL 1996). Most of these are likely random sequences with so far no evi
dence for relevant WW binding. Some, however, appear to be conserved in several 
family members (Table 1): In addition to the PY motifs in the three ENaC subunits 
which we have identified (STAUB et aI. 1996), several groups of proteins, including 
viral GAG proteins (e.g., RSV, FMLV, HTLV-l, end V, BLV, AEV), interleukin 
receptors (e.g., IL-2R, IL-7R) and several Ser/Thr kinases (e.g., MAPKAP2, 
CamKI) were recently found to contain conserved PY motifs (EINBOND and SUDOL 
1996). A conserved sequence which includes a PY motif (Table 1) has been also 
identified in the MAD, MADRI and MADR2 (but not DPC4 or sma2) proteins 
(EpPERT et aI. 1996; LIU et aI. 1996), which are downstream targets of TGF~ or 
BMP2 receptors. As these are newly characterized proteins, it is not yet known 
whether their PY motifs indeed interact with WW domains and, if so, of what 
proteins. Similarly, two PY-containing repeats (Table 1) have been identified re
cently in inscuteable, a Drosophila neuronal protein involved in asymmetric cell 
division, together with numb and pro spero (KRAUT and ORTEGA 1996; KRAUT et aI. 
1996). Inscuteable also contains a putative PDZ binding sequence (C terminal SFV 
sequence), suggesting that both WW and PDZ domains may bind this protein. The 
identity of such putative binding proteins and their possible involvement in 
inscuteable function are not known. 

Our understanding of the specificity of WW binding to the different PY motifs 
is rudimentary. Nevertheless, a recent study in which a series of amino acids were 
used to substitute the variable (x) amino acids of the xPPxY sequence revealed 
inhibition of binding to the WW domains of YAP by substitution with acidic amino 
acids, whereas equivalent basic substitutions increased the affinity towards WW 
binding (M. Sudol, personal communications). 

Recently, an expression library screen with a probe which includes the pro
line-rich sequence of formin (SPPAPPTPPPLPPPLIPPPPPLPPGLGPLPP) has 
indentified a set of formin binding proteins (FBPs) containing either SH3 or WW 
domains (Chan et aI., 1996). Subsequent expression screens with the WW do
main-containing FBPII (see Fig.2) led to the isolation of 8 proline-rich ligands 
(WBP3-WBPlO), each containing the sequence PPLP which was necessary to 
mediate binding (Bradford et aI., 1997). FBPll did not bind the PY motif of 
WBP1, and conversely, YAP-WW domain did not bind WBP4 or WBP5. Thus, 
at least two classes of WW-domain ligand sequences exist: the PY motif and the 
PPLP motif. 



Table 1. Example of PY (xPPxY) motifs 

Protein 

EnaC 
()(r/hENaC 
~r/hENaC 
yrENaC 
yhENaC 

WBP 
WBPI 
WBP2 

Gag 
RSV 
HTLVI 
AEV 

IL-R 
h/cIL-2Ry 
mIL-6R 
rIL-7R 

Kinases 
hMAPKAP2 
hCAMKI 

MAD 
dMAD 
hMADRI 
hMADR2 

Inscuteahle 
Repeat! 
Repeat2 
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Sequence 

LTAPPPAYAT 
PGTPPPNYDS 
PGTPPPRYNT 
PGTPPPKYNT 

PGTPPPPYTV 
VQPPPPPYPG 
SQPPPPPYYP 

ASAPPPPYVG 
DPQIPPPYVE 

MARDPPRYLV 

PYWAPPCYTL 
TSPPPPPYSL 

DRNRPPVYQD 

LCGYPPFYSN 
LCGYPPFYDE 

AGTPPPAYSP 
ADTPPPAYLP 

TPPPGYIS 

APPPPPPYNN 
LGEAPPPYNN 

c, canine; d, Drosophila; h, human; m, mouse; r, rat. 
Citations are in the text. 

4 WW Tertiary Structure 

The three-dimensional structure of human YAP-WW domain in solution, com
plexed with the ligand peptide GTPP4PsPY7TV9G from WBPl, has been recently 
solved by NMR (MACIAS et al. 1996). The ligand sequence was modeled in, as the 
small number of intermolecular peptideprotein NOEs was only sufficient to orient 
the peptide and to provide limited binding information (see below). The WW 
domain is a compact module composed of a slightly curved three stranded anti
parallel ~ sheet, with two turns flanking the ~ strands (Fig. 3A, B). The Nand C 
termini meet on the convex side of the domain to form a hydrophobic buckle, in 
which the two conserved prolines P14 and P42 are opposing each other and are 
situated above the conserved WI7 (Fig. 3B). A flat binding surface is formed by the 



122 D. Rolin 
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side chains of the hydrophobic residues Y28, W39 (which are highly conserved) and 
L30 on the concave surface of the domain (Fig. 3A, B). A hydrophobic residue at 
position 30 (usually L, I, V, Y or W) is found in most WW domains (Figs. 2, 3A). 
Chemical shift changes and peptide-protein NOEs indicate that residues Y28, L30, 
H32, D34-T38 and W39 on the concave side of the domain participate in peptide 
(ligand) binding. Specifically, interactions are suggested between P 4 and Ps (peptide 
residues are bold) with W39, Y7 with L30 and H32 (and possibly Q35), and V9 with 
H32 (Fig. 3C). Based on these interactions, it has been predicted that replacing Y7 
in the PY motif with a phosphotyrosine will abrogate binding to WW domains. 
This was indeed demonstrated recently, where placing a phosphotyrosine in the PY 
motif of WBPI blocked binding to the WW domains of YAP (PIROZZI et al. 1996). 
Such an effect could allow for tyrosine phosphorylation-dependent inhibition of 
WW binding, functionally opposite to SH2 or PTB binding, which are enhanced by 
tyrosine phosphorylation of target proteins. 

Recently, the crystal structure of the peptidyl-prolyl cis-trans isomerase 
(PPIase) Pinl at U5A was determined by X-ray crystallography by 1. Noel and 
colleagues (RANGANATHAN et aI., 1997). Pinl consists of two structurally inde
pendent domains organized around a largely hydrophobic, 23A deep cavity: an N 
terminal WW domain and a C terminal PPIase domain. The WW domain adopts a 
topology very similar to that of the YAP-WW domain, consisting of a triple 
stranded anti parallel ~-sheet. The fiat hydrophobic binding surface of the WW 
domain faces the above mentioned cavity and thus provides one wall of this cavity; 
the other wall is provided by the PPIase domain. The two domains "meet" at the 
tip of the cavity, where residues in the ~2/~3 loop (128, T29 and N30), ~3 strand 
(S32) and P39 of the WW domain (see Fig. 3A), as well as residues in the cd and (14 
helices and ~3 strand of the PPIase domain, form interdomain contacts and a well 
ordered interaction surface. The PPIase enzymatic activity of Pinl is mediated by a 
region within the PPIase domain which is distinct from the PPIase/WW hydro
phobic cavity. Similar to YAP (Fig. 3), the flat binding surface of the Pin I WW 
domain includes the conserved amino acids Y23 (Y28 in YAP), S32 (T37 in YAP), 
W34 (W39 in YAP), and likely interact with a ligand peptide, as suggested by its 
sequestration of a hydrophobic PEG molecule. Serl6 in Pin I also participates in 

Fig. 3A-C. Backbone fold and three-dimensional structure of WW domains. A Sequence alignment of 
WW domains from YAP (MACIAS et al. 1996), Pin I (RANGANATIIAN et al. 1997) and Nedd4 WW II and 
WW II! domains (Kanelis, Farrow, Rotin and Forman-Kay, unpublished) and their corresponding 
backbone ~ strands (hlack hoxes). The preliminary assignment of the ~ strands in Nedd4 WW " and WW 
III domains is based on Cex and C~ chemical shifts. The numhers shown on top of the YAP and Pinl 
sequences represent numbers corresponding to the WW domain, as depicted also in Band C. B Tertiary 
structure of YAP-WW domain, showing backbone residues I7-P42, and the side chains of 17, P14, W17, 
Y28, F29, L30, H32, 133, W39 and P42. The corresponding primary sequence is depicted in A above. 
(Reproduced with permission from MACIAS et al. 1996). C A model depicting interactions of Y AP-WW 
domain with the proline-rich peptide from WBP!. Residues showing contact to the protein (P4-V,) are 
shown. The WBPI peptide was modeled by using ten intermolecular NOEs and restraining the confor
mation of the peptide sequence into a polyproline type II helix. The side chain of the WW domain (carbon 
atoms in hlack) and ligand (green) residues involved in the interaction are shown. (Reproduced with 
permission from MACIAS et al. 1996) 
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this interaction. An interacting protein or peptide to the WW domain of Pin 1 has 
not been identified yet. As in the YAP-WW structure, the upper part (buckle) of the 
Pin1 WW domain is stabilized by the hydrophobic residues P8, W11, Y24 and P37 
(equivalent to P14, W17, F29 and P42 in YAP, Fig. 3). The possible biological 
implications for this interesting structure of the Pin1 protein are discussed below. 

Work in progress on the solution structure of the region encompassing the 
second plus third WW domains of rat Nedd4 (Fig. 3A), in the presence of a peptide 
corresponding to the PY motif of ~ENaC, reveals an overall topology of each 
domain similar to that of the YAP-WW domain (i.e., three ~ strands). However, 
titration experiments with the above peptide identified a strong preference for 
binding to the third WW over the second WW domain of Nedd4 (V. Kanelis, 
N. Farrow, D. Rotin and 1. Forman-Kay, unpublished), suggesting specificity in 
the binding interface. This observation also supports the notion that multiple WW 
domains in a protein are likely targets of different substrates. 

The structure of WW domains does not resemble that of SH3 domains, despite 
the presence of a hydrophobic binding surface which binds proline-rich sequences 
in both. Nevertheless, such a hydrophobic surface may explain the above-men
tioned binding of both SH3 and WW domains to the proline-rich sequence of 
formin (CHAN et a!., 1996; BRADFORD et a!., 1997). It is possible that hydrophobic 
residues replacing the Tyr in the PY motif could be accommodated on the surface 
of WW domains which contain hydrophobic residues other than Leu at position 
30 (Fig. 3C) and therefore differ from Y AP-WW domain (MACIAS et a!. 1996). 
Indeed, all WW domains in the formin binding proteins (FBPs) isolated in an 
expression library screen with the above proline-rich formin probe contain a Tyr 
rather than Leu at the equivalent position (CHAN et a!. 1996). It is also possible that 
regions with overlapping sequences for both SH3 and WW domain binding may 
exist in some proteins. For example, the sequence PPLAL T APPP A YTL in e)(f E
NaC has been shown to bind both SH3 (ROTIN et al. 1994; McDONALD and WELSH 
1995) and WW domains (STAUB et al. 1996). 

5 Biological Function of WW Domains 

Because WW domains were first described only in late 1994, not much is known 
yet about their biological functions. However, some recent work has implicated 
this protein:protein interaction domain in several biological processes, some in
volving human genetic disorders. In this chapter, I will review these studies in 
some detail, as well as review other work which describes the isolation of WW 
containing proteins for which the biological function(s) of the domain is not yet 
known. 
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5.1 Nedd4/Rsp5/Pub1 

5.1.1 Nedd4-ENaC Interactions: Role in a Hereditary Form 
of Hypertension (Liddle Syndrome) 

Nedd4 (KUMAR et al. 1992), and its yeast homologues Rsp5 and Pub1, is a 
ubiquitin protein ligase composed of an N terminal C2jCaLB (Ca2 + lipid binding) 
domain (OHNO et al. 1987), three or four WW domains, and a C terminal Hect 
(homology to E6-AP C terminus) domain (HUIBREGTSE et al. 1995) (Fig. 1). Ubiq
uitination of proteins serves to tag them for regulated degradation by proteasomes 
or possibly by Iysosomes (CIECHANOVER 1994; HOCHSTRASSER 1996). We have re
cently demonstrated that Nedd4 binds to the (amiloride-sensitive) epithelial Na + 

channel (ENaC) (STAUB et al. 1996). ENaC is composed of three partially ho
mologous subunits, a~y, each containing a proline-rich region at its C terminus 
which also includes a PY motif (LTAPPPAYATL, PGTPPP6NYsDSL Il , 

PGT P PP( Rj K) YNTL, for a, ~, yENaC, respectively). Deletions or mutations 
within the proline rich regions of ~ or yENaC have been recently demonstrated by 
genetic linkage analysis to cause Liddle syndrome (SHIMKETS et al. 1994; HANSSON 
et al. 1995a, b; TAMURA et al. 1996). Liddle syndrome (pseudo hyperaldosteronism) 
is a hereditary form of human hypertension, characterized by an early onset of 
severe hypertension caused by elevated Na + absorption in the distal nephron 
(LIDDLE et al. 1963) due to increased activity of the epithelial Na + channel (SCHILD 
et al. 1995). All mutations identified to date in the afflicted patients cause either a 
complete deletion of or point mutations within the PY motifs of ~ or yENaC. Using 
a yeast two hybrid screen we have recently identified Nedd4 as a binding partner for 
ENaC, and demonstrated that the binding occurs between the WW domains of 
Nedd4 and the PY motifs of a~yENaC (STAUB et al. 1996). Moreover, specific 
mutations within the PY motif of ~ENaC (in P6 or Yg above), recently identified in 
Liddle syndrome patients (HANSSON et al. 1995b; TAMURA et al. 1996), led to both 
abrogation of Nedd4-WW domain binding (STAUB et al. 1996) and to elevation 
of ENaC activity (SNYDER et al. 1995; SCHILD et al. 1996). Mutating the C 
terminal Leu downstream of the ~ENaC-PY motifs (L" above) to Ala also 
causes channel hyperactivation (SNYDER et al. 1995); By analogy to Y AP-WBP1 
interactions, we speculate such a mutation may abrogate association with the 
highly conserved His in the Nedd4-WW domains (equivalent to H32 in YAP, 
Figs. 2, 3A), which in YAP is interacting with V 9 of WBPI (Fig. 3C). Since a 
sizeable component of ENaC hyperactivation associated with the Liddle phe
notype is originating from an increase in channel numbers at the cell surface 
(FIRSOV et al. 1996), we proposed that by interacting with the ubiquitin ligase 
Nedd4, ENaC may be a short lived protein regulated by ubiquitination. In 
Liddle syndrome, where association with Nedd4 is impaired, channel stability 
likely increases, leading to the elevated Na + channel activity associated with the 
disease (STAUB et al. 1996). In support of this model, our recent data indeed 
demonstrate that ENaC is a very short lived protein which is regulated by 
ubiquitination (STAUB et aI., submitted). An alternative explanation for the cell 
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surface elevation of ENaC numbers in Liddle syndrome has been proposed, 
however (SNYDER et al. 1995); in that model, the sequences in ~ and yENaC 
which encompass also the PY motif may constitute an internalization signal 
which is mutated or lost in Liddle syndrome. 

5.1.2 Rsp5 Requirement for Degradation of Amino Acid Permeases in Yeast 

In C. cerevisae grown on a poor nitrogen source, the addition of NH4 + leads to a 
rapid degradation of the general amino acid permease Gapl (GRENSON 1992). 
Similarly, subjecting yeast cells to adverse conditions leads to stress-induced de
gradation of the uracil permease Fur4 (VOLLAND et al. 1994; GALAN et al. 1994). In 
both cases, the presence of intact Rsp5 (Npil) (Fig. I) is required for this rapid 
vacuolar degradation (HEIN et al. 1995; GALAN et al. 1996). Rsp5, like its mam
malian counterpart Nedd4, is a ubiquitin protein ligase of the hect family, which 
also contain a C2 domain and three copies of WW domains. Indeed, recent work 
has demonstrated that Fur4 is ubiquitinated, and that this ubiquitination is re
quired for its subsequent degradation in the vacuoles, as rsp5 mutants caused 
stabilization of the permeases which were no longer ubiquitinated (GALAN et al. 
1996). Similarly, rsp5 bearing a catalytic inactivating mutation (Cys to Ser sub
stitution) at the hect domain failed to restore Gapl inactivation in yeast cells in 
which expression of the WT gene is limited (B. Andre, personal communications), 
suggesting that the ubiquitin ligase activity of Rsp5 is necessary for Gap I degra
dation. The nature of the interactions between Rsp5 and Gap I or Fur4 is not yet 
known, since unlike ENaC, these two permeases do not contain bona fide PY 
motifs (JAUNIAuX and GRENSON 1990; JUNO et al. 1988). They do, however, contain 
short PxY sequences. Whether these are sufficient for WW binding (an unlikely 
possibility), or whether regions other than the WW domains are responsible for 
Rsp5-permease interactions, or whether these interactions are altogether indirect, 
remains to be demonstrated experimentally. 

5.1.3 Pub! Role in cdc25 Degradation and Cell Cycle Regulation 

Recently, a gene similar to RSP5 and likely its homologue, called Pub], was 
identified in S. pombe (NEFSKY and BEACH 1996; SALEKI et al. 1997). Pub] has been 
found to be involved in the ubiquitination and degradation of cdc25; Disruption of 
the pub] gene leads to elevated levels of cdc25 concomitantly with its reduced 
ubiquitination (NEFSKY and BEACH 1996). cdc25 is a tyrosine phosphatase which 
dephosphorylates Tyrl5 of cdc2, thereby activating cdc2 and initiating mitosis. 
Thus, pub]-mediated destruction of cdc25 leads to mitotic arrest, and accordingly, 
disruption of pub] results in early entry into mitosis due to accumulation of cdc25 
(NEFSKY and BEACH 1996). Although the simplest explanation for the pub]-medi
ated cdc25 ubiquitination is that the two proteins interact directly allowing for 
direct ubiquitination of cdc25 by pub], it is not obvious that these putative inter
actions are mediated by the WW domains, since the sequence of cdc25 does not 
contain PY motifs. It is also apparent that pub] has additional effects related to 
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membrane transport of nutrients and protons (SALEK I et al. 1997), perhaps anal
ogous to the effect of Rsp5 on amino acid permeases in S. cerevisae. 

5.2 Dystrophin 

Dystrophin is a large (427 kDa) rod like protein which is absent from muscles of 
patients afflicted with Duchenne muscular dystrophy (DMD) or altered in patients 
with Becker muscular dystrophy (BMD) (KOEING et al. 1987). Based on its primary 
structure, the protein can be divided into five regions: N-terminal actin binding 
domain, spectrin-like domain, a WW domain, Cys-rich domain and a C-terminal 
region (Fig. I). Dystrophin is located at the plasma membrane of skeletal muscles, 
and it forms a complex with several extracellular (Cl-dystroglycan, laminin) and 
intracellular (syntrophins, actin) proteins, as well as with a group of transmem
brane glycoproteins believed to provide a link between the extracellular matrix and 
the actin cytoskeleton. This dystrophin-glycoprotein complex (DGC) consists of 
several proteins, including the Cl~y-sarcoglycans and the 43-kDa ~-dystroglycan 
(reviewed in WORTON 1995). ~-Dystroglycan contains several proline rich regions in 
its C terminus (IBRAGHIMOV-BESKROVNAYA et al. 1993), including PLPPPEYP, 
PPYQPPPPFTV and PYRSPPPYVPP. A recent in vitro study using peptide 
competition (lUNG et al. 1995) has demonstrated that binding between dystrophin 
and ~-dystroglycan is mediated by the region encompassing amino acids 3054-3271 
(which includes the WW domain and the Cys-rich domain) of dystrophin and the 
C-terminal final 15 amino acids of ~-dystroglycan (KNMTPYRSPPPYVPP), 
which include the above PY motif. These results suggest that interaction between 
dystrophin and ~-dystroglycan is mediated, at least in part, by the WW domain of 
dystrophin and the second PY motif of ~-dystroglycan. An additional study from 
the same group has demonstrated that the N terminal SH3 domain of GRB2 also 
associates with the proline-rich C terminus of ~-dystroglycan (YANG et al. 1995). 
Whether or not the interactions with the SH3 and WW domains occur on over
lapping proline rich sequences (as seen in formin) remains to be determined. 

Deletions/mutations within the 3' region of dystrophin have been associated 
with severe forms of muscular dystrophy, although it is not known if any of them 
map to the WW domain. Nevertheless, the study by lUNG et al. (1995) underscores 
the importance of the WW domain in maintaining integral complex between 
dystrophin and its associated proteins. Interestingly, a smaller carboxy terminal 
isoform of the dystrophin protein, DP71 (apo-dystrophin), which is ubiquitously 
expressed unlike the muscle-specific dystrophin, lacks the first 19 amino acids of the 
WW domain (Figs. I, 2). This causes a deletion of the first highly conserved 
tryptophan (in the putative ~I strand) and the double tyrosines (in the putative ~2 
strand) (Fig. 3A) and presumably renders the DP71-WW domain nonfunctional. It 
is anticipated that binding between DP7l and ~-dystroglycan may be reduced or 
impaired. 
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5.3 FE65 

FE65 is a neuron specific protein composed largely of an N terminal WW domain 
and two C terminal PTB (PI) domains (DUILIO et al. 1991; BORK and MARGOLIS 
1995) (Fig. I). It was recently demonstrated that FE65 interacts with the intra
cellular domain of the Alzheimer's amyloid precursor protein (PAPP) (FIORE et al. 
1995). ~APP (KANG et al. 1987) is a transmembrane precursor of A~ amyloid, the 
major constituents of the senile plaques characterizing Alzheimer's disease. In af
flicted individuals, A~ amyloid is cleaved off ~APP and is deposited extracellularly 
to form the senile plaques. The interaction between ~APP and FE65 have been 
narrowed down recently to the C terminal PTB domains of FE65, which binds to 
the sequence YENPTY in ~APP in a phosphotyrosine-independent manner (FIORE 
et al. 1995; BORG et al. 1996; GUENETTE et al. 1996). This sequence, which conforms 
to the internalization motif NPxY, may be crucial for ~APP processing, likely by 
regulating its endocytosis (DE STROOPER et al. 1993; Koo and SQUAZZO 1994). The 
role of the WW domain in FE65 is not yet known, but it suggests the existence of an 
additional protein(s), not yet identified, that interacts with the WW domain and 
may be involved in the regulation of FE65 and ~APP function. 

5.4 YAP 

YAP (YAP65) is a 65-kDa proline-rich phosphoprotein (Fig. I) which binds 
in vitro to the SH3 domain of the tyrosine kinase yes, as well as to other SH3 
containing proteins such as Nck, Crk and Src (SUDOL 1994). It also contains either 
a single (human, chicken) or two copies (mouse) of WW domains. As described 
above, the human YAP-WW domain was recently shown to associate in vitro with 
WBPI and WBP2 (CHEN and SUDOL 1995). In addition, it was also reported that 
this domain can bind in vitro to the L domain of the Gag protein of Rous sarcoma 
virus (RSV), which is responsible for retroviral budding. Similar to WBPI, the L 
domain of RSV contains the PPPPY sequence motif. L domains from Gags of 
other retroviruses (e.g., HIV, EIAV), which do not contain this PY motif, do not 
bind the YAP-WW domain (GARNIER et al. 1996). Although the possibility that 
YAP and yes (and WBPI?) may be involved in retroviral budding is intriguing and 
potentially exciting, these interactions need to be demonstrated in vivo as well. It is 
therefore possible that the YAP-WW domains may have other, yet unidentified, 
biological targets and functions. 

5.5 Pinl/essl/dodo 

Pinl is a nuclear peptidyl-prolyl isomerase (PPlase) which also contains a WW 
domain (Lu et al. 1996) (Fig. I) and is structurally and functionally related to the 
yeast Essl (HANES et al. 1989; HAN I et al. 1995) and the Drosophila dodo 
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(MALESZKA et al. 1996). The ESSl gene in S. cerevisae (also known as PTFl) is an 
essential gene (HANES et al. 1989) and mutant essl can be rescued with the 
Drosophila dodo, suggesting evolutionary conservation (MALESZKA et al. 1996). 
PPIases are enzymes which catalyze cis/trans isomerization of the peptidyl-prolyl 
bonds in oligopeptides, and are involved in protein folding and unfolding. 
Depletion/ablation of Pinl/Essl in HeLa or yeast cells results in mitotic arrest, 
while overexpression of Pin 1 in He La cells leads to 02 arrest. The mitotic arrest can 
be reproduced by either truncation of the PPIase-containing C terminus of Pin I, or 
mutations of conserved residues within this domain, both of which abrogate PPIase 
activity (Lu et al. 1996). Likewise, mutation of both tryptophans within the 
EssI-WW domain abrogates the cell cycle regulatory effect of this enzyme 
(reviewed in RANGANATHAN et al. 1997). Interestingly, the nuclear localization of 
Pinl is abolished when each of its domains (the active PPIase and the WW domain) 
is expressed separately, even though the putative nuclear localization signal (present 
within the PPlase region) remains intact (reviewed in RANGANATHAN et al. 1997). 
This suggests that either the contact region between the two domains is necessary 
for the nuclear translocation, or that an intact hydrophobic cavity may be required 
for an interaction with as yet an unidentified protein which binds to both domains 
and participates in Pinl mobilization. Unfortunately, the ligand(s) for the 
Pinl-WW domain has not been identified yet, nor a putative protein that fits into 
the PPIase/WW hydrophobic cavity. 

Pinl has been shown to interact with NIMA, a kinase essential for progression 
through mitosis (OSMAN I et al. 1988). NIMA and Pinl co-immunoprecipitate and 
co-localize, and the interactions between them have been proposed to be direct, by 
binding of Pinl to the newly identified protein interacting domain in NIMA called 
NID (Lu and HUNTER 1995; Lu et al. 1996). The NID region contains several SP 
and TP motifs, and is phosphorylated by the S/T-P-specific CDK, CDC2 (YE et al. 
1995). Since the crystal structure of the Pinl catalytic region suggests its Pro sub
strate would be best accommodated when preceded by a phospho serine or 
phosphothreonine, Noel and colleagues have suggested that phosphorylated NIMA 
may be a biological substrate for Pin 1 proline isomerization (RANGANATHAN et al. 
1997). Taken together, these data suggest that Pin 1 catalytic activity is involved in 
cell cycle regulation, and that the WW domain, together with the PPIase domain, is 
involved in proper targeting of the protein to the nucleus, where its target sub
strate( s) reside. 

5.6 Other Examples 

A WW domain-containing protein which binds to CD45 (called CD45AP or 
LPAP) was isolated (TAKEDA et al. 1994; SCHRAVEN et al. 1994). CD45 is a tyrosine 
phosphatase which dephosphorylates the src kinases Ick and fyn, and is involved in 
T cell signaling and proliferation (PINGEL and THOMAS 1989; also reviewed in WEISS 
1993). The interactions between CD45 and CD45AP/LPAP were recently demon
strated to be mediated by the transmembrane domains of both proteins and not by 
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the WW domain (McFARLAND et al. 1995; BRUYNS et al. 1995). It is therefore 
speculated that CD45AP/LPAP may bind via its WW domain to other protein(s), 
possibly important for CD45 signaling. 

Work by K. Matsumoto's group has shown that Msbl (mammalian suppressor 
of bckl) contains a single WW domain and encodes a suppressor of bckl, a yeast 
MAPKKK (MAP kinase kinase kinase). It also suppresses mpkl (yeast MAP 
kinase) mutation. Since a PY motif (YPPFY) was recently identified in the MAP 
kinase-associated protein kinase 2 (MAPKAP2) (EINBOND and SUDOL 1996), it is 
possible that Msbl may interact via its WW domain with MAPKAP2, and that this 
interaction may contribute to the suppressive effect of Msbl. 
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Attachment of cells to the extracellular matrix is mediated by structures called 
"focal adhesions." Focal adhesions can be readily visualized by reflection contrast 
microscopy in cells grown in culture either on plastic or a defined extracellular 
matrix (ECM; e.g., fibronectin, collagen), appearing as spear tip-like structures 
connecting the extracellular matrix with the ventral plasma membrane (JOCKUSCH 
et al. 1995). The cytoplasmic face of such structures is decorated with the termini of 
numerous actin stress filaments, indicating a direct linkage with the actin cyto
skeletal network. Focal adhesions not only provide the cell with a point of adhesive 
contact with the extracellular matrix, but also function to mediate signals that 
regulate cell growth, migration and apoptosis (BURRIDGE and CHRZANOWSKA
WODNICKA 1996; HYNES 1992; JOCKUSCH et al. 1995). The regulated assembly of 
focal adhesions at the leading edge of the cell is a central step in cell migration and 
more specialized processes such as axonal growth (HYNES 1992; LAUFFENBERGER 
and HORWITZ 1996). Loss of adhesion to the ECM can lead to cell cycle arrest or in 
some cells the induction of programmed cell death (ROUSLAHTI and REED 1994). 
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Thus, adhesive interactions with the ECM playa critical role in regulating a variety 
of intracellular signaling pathways. 

The integrin family of transmembrane, cell surface receptors are responsible 
for mediating cell contact with the ECM. Integrins are a family of heterodimeric 
transmembrane receptors containing extracellular ligand binding domains (with 
specificity for specific components of the ECM) and a short cytoplasmic domain 
that serves to couple integrins with the actin cytoskeleton (BURRIDGE and 
CHRZANOWSKA-WODNICKA 1996; HYNES 1992). The regulated assembly of focal 
adhesions has been the source of intense investigation for number of years. Recent 
information indicates that focal adhesion assembly is regulated by the activation of 
a number of familiar signaling pathways, among which are pathways controlling 
activation of protein tyrosine kinases (PTKs), small GTP binding proteins, 
serine/threonine and lipid kinases (SCHALLER and PARSONS 1994; SCHWARTZ et al. 
1995; BURRIDGE and CHRZANOWSKA-WODNICKA 1996). In this review we summa
rize recent information regarding the structural properties of the major components 
of focal adhesions. In addition, we speculate how modular domains identified in 
individual focal adhesion proteins may serve to organize the assembly of focal 
adhesion components in response to specific cellular signals. A number of excellent 
reviews will provide the reader with additional information on integrin structure and 
signaling (SCHWARTZ et al. 1995; BURRIDGE and CHRZANOWSKA-WODNICKA 1996). 

2 Proteins Localized to Focal Adhesions 

Attachment of cells to the ECM results in the clustering of integrin receptors and 
initiates the recruitment of numerous cytoplasmic proteins to the focal adhesion 
complex, including both structural and regulatory molecules. Although proteins are 
generally identified as "focal adhesion" proteins, by virtue of their localization to 
cell-ECM contacts, little information is available about the mechanisms or struc
tural properties that target proteins to focal adhesion complexes. Proteins such as 
O!-actinin, talin and focal adhesion kinase (F AK) appear to interact with the short 
cytoplasmic tail of integrin receptors (OTEY et al. 1993; KNEZEVIC et al. 1996; 
SCHALLER and PARSONS 1995). Talin and O!-actinin as well as other structural focal 
adhesion proteins such as filamin, radixin, tensin, vinculin, gelsolin, profilin, V ASP 
and Mena bind to actin (BURRIDGE and CHRZANOWSKA-WODNICKA 1996; 
JOCKUSCH et al. 1995). Additional focal adhesion proteins induding the LIM do
main containing proteins, paxillin, zyxin, and cysteine rich protein (CRP) do not 
bind to actin or integrins, but may localize to focal adhesions indirectly, by binding 
to actin- or integrin-binding proteins (BROWN et al. 1996; ARBER and CARON I 1996; 
BEKERLE 1986; SADLER et al. 1992). 

Recently, a variety of studies have shown that focal adhesions are richly 
populated with catalytically active signaling proteins, for example, protein tyrosine 
kinases such as FAK, Src (and Src family members), Csk and Abl; the 
serine/threonine kinases PKCO! and 8 and; the tyrosine phosphatases, LAR, 
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PTPI B; and the catalytic subunit (Co) for the ubiquitous serine/threonine phos
phatase, PPI (BURRIDGE and CHRZANOWSKA-WODNICKA 1996; JOCKUSCH et al. 
1995). Other regulatory molecules contained within these complexes include pol
yphosphatidyl inositide 4,5-bis phosphate (PIP2), phosphatidyl inositide 3-kinase 
(PI3 kinase) and the protease calpain II. Adapter proteins such as paxillin, 
pl30CAS and Grb2 are also found in focal adhesions and contain a number of 
docking sites for additional regulatory proteins (BURRIDGE and CHRZANOWSKA
WODNICKA 1996; JOCKUSCH et al. 1995). The large repertoire of signaling proteins 
present in focal adhesions underscores the importance of these structures in prop
agating "downstream" signals (BURRIDGE and CHRZANOWSKA-WODNICKA 1996). 

Because focal adhesions are dynamic structures, their formation and break
down is regulated by many different extracellular stimuli. Therefore, it is not sur
prising that many of the focal adhesion proteins exhibit relative low affinity for 
their individual binding partners. However, the low affinity interactions exhibited 
by these proteins are often offset by multiple interactions with several different 
binding partners, permitting the formation of stable, although potentially dynamic 
structures. For example, multiple binding partners have been described for vi
nculin, which binds actin, paxillin, Q(-actinin, talin, and tensin; talin, which binds, 
integrins, actin and vinculin; and zyxin, which binds to CRP, Q(-actinin and VASP 
(BURRIDGE and CHRZANOWSKA-WODNICKA 1996; JOCKUSCH et al. 1995). A number 
of these proteins also bind phospholipids, which may help to anchor focal adhesion 
complexes to the plasma membrane. 

3 Modular Domains of Focal Adhesion Proteins 

3.1 SH2 and SH3 Domains 

Several focal adhesion proteins contain Src homology-2 (SH2) domains (Src, ten
sin, p85PI3 K and Grb2) or Src homology-3 (SH3) domains (pI30CAS, Src, Grb2 
and p85PI3 K). Upon adhesion to the ECM or growth factor stimulation, a 
number of focal adhesion proteins (including F AK, P 130CAS, paxillin, tensin and 
Src) become tyrosine phosphorylated and interact with SH2 containing proteins. 
Other focal adhesion proteins contain proline rich sequences (paxillin, vinculin, 
p 130CAS, F AK, p85PI3 K) which serve as docking motifs for SH3-containing 
proteins (Table I). Since the SH2 and SH3 domains are discussed in detail in other 
chapters of this book, we will confine our discussion of these domains to their 
possible role in the regulation of focal adhesion complex assembly (see below). 

3.2 Actin Binding Domains 

Focal adhesions are rich in actin and serve to anchor stress filaments at the plasma 
membrane. Because of this architecture, it is not surprising that many of the pro-
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Table l. Structural domains in focal adhesion proteins 

Domain 

SH2 
PTyr 
SH3 
PRO 
KINASE 
ABD-I 
ABD-2 
ABD-3 
LIM 
FP-4 
EVHI 
GP-5 
PIP2 
EF-HAND 
ERM 

Focal adhesion protein 

Src, P 13 K, Grb 2, tensin 
Src, PI3K, Grb 2, P130, paxillin 
Src, PI3K, Grb 2, P130, FAK 
PI3K, P\30, FAK, paxillin, zyxin 
Src, F AK, PKC rl, 8 
rl-Actinin, filamin, tensin 
Tensin, radixin, talin, gelsolin 
VASP 
Paxillin, zyxin, CRP 
Zyxin, vinculin 
VASP, Mena 
VASP, Mena 
Gelsolin, profilin, vinculin 
rl-Actinin 
Radixin, tensin 

Pro, proline-rich binding site for SH3 domains; Ptyr, binding site for SH2 domains; 
PIP2, binding site for PIP2. 

teins within focal adhesions bind actin and exert a wide variety of effects on actin 
organization. Several focal adhesion proteins including O!-actinin, filamin and tensin 
bind laterally to polymerized filamentous actin (F-actin) and serve to cross-link 
filaments. Vinculin also binds laterally to F-actin and connects the actin filaments 
to other focal adhesion proteins. Capping proteins, such as radixin, talin, and 
tensin, bind to the ends of the actin filaments and regulate filament growth. The 
cross-linking and capping proteins both have the ability to anchor filament ends to 
the plasma membrane. Monomeric actin binding proteins, profilin and geIsolin, 
also affect actin polymerization. The former controls the pool of unpolymerized 
actin and the later severs polymerized actin and promotes formation of new fila
ments (for review see SCHAFER and COOPER 1995). Below we discuss the properties 
of each class of actin binding proteins found in focal adhesions and discuss the role 
of modular domains in regulating the dynamics of actin remodeling within focal 
adhesions. 

3.2.1 Actin Cross-linking Proteins: IX-Actinin, Filamin and Tensin 

The length and concentration of actin filaments and the geometry of their cross
links govern changes in cell structure and motility. Structures defined by bundles of 
cross-linked actin include filopodial extensions, lamellipodia, stress fibers, focal 
adhesions and actin networks (ZIGMOND 1996; LAUFFENBURGER and HORWITZ 
1996). The morphology of these actin structures is determined in large part by the 
size and structural organization of the cross-linking proteins. 

Filopodia are finger-like projections characterized by long parallel arrays of 
closely packed actin filaments (Fig. 1). The actin filaments filopodia are cross
linked by small monomeric proteins such as fimbrin and villin. These globular 
proteins link the actin filaments relatively close together (approximately 14 nm). 
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Filopodia 

Fb 

Focal adhesions 

Fig. lA-D. Schematic view of filamentous actin and actin-containing structures. A Actin subunits ori
ented in a filament structure are shown schematically. The - (pointed end) is at the top and the + (barbed 
end) is at the bottom. B The organization of actin filaments into filopodial extensions is shown. The 
barbed end (+) is proximal to the plasma membrane. The cross-linking protein fimbrin (Fb) is indicated 
by shaded circles. C The organization of actin filaments into lamellipodia is shown. The cross-linking 
protein filamin (Fn) is indicated by the shaded ovals. D The organization of actin filaments into focal 
adhesion complexes is shown. The cross-linking proteins filamin (Fl). tensin (Tn) and IJ(-actinin (IJ(A) are 
indicated by the shaded structures 

Actin in stress fibers is cross-linked by dimeric ex-actmm, which separates these 
fibers by about 40 nm (the width of ex-actinin). The actin networks in lamellipodia 
(broad sheet-like projections) are even less tightly packed (approximately 80 nm) 
and contain shorter filaments which are orthogonally cross-linked by the large, 
flexible protein filamin (Fig. 1; MATSUDAlRA 1991). Although the actin in focal 
adhesions is tightly bundled, ex-actinin and even larger cross-linking proteins in
cluding filamin and tensin are localized to these structures. Perhaps the flexible 
nature of proteins such as filamin and tensin allows more efficient bundling of 
filaments at the tip of the focal adhesion (closest to the membrane), whereas the 
rigid ex-actinin bundles at the tail (at the connection to the stress-fibers; Fig I). In 
addition, tensin has filament capping activity and filamin binds to membrane gly
coproteins, suggesting a potential role for these proteins in binding and cross-linking 
the membrane proximal actin filaments (CHUANG et al. 1995; EZZELL et al. 1988). 

Structural and functional analysis of the actin cross-linking proteins reveals a 
common 250 amino acid domain that exhibits actin binding activity (designated 
here as ABD-I or actin binding domain-I). Within this domain, a conserved 26 
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amino acid sequence appears to be essential for in vitro actin binding (MATSUDAIRA 

1991) (Table 2). For example, a peptide representing this region in ()(-actinin binds 
efficiently to actin with a Kd of 4 11M (HEMMINGS et al. 1992; KUHLMAN et al. 1992). 
This sequence appears to be shared amongst a variety of actin binding proteins. 
Other cross-linking proteins which contain this consensus sequence include spectrin 
(fodrin), dystrophin, fimbrin, and the focal adhesion proteins filamin and tensin 
(MATSUDAIRA 1991). 

Table 2. Consensus sequences for actin binding domains 

a.-Actinin 

Filamin 

Tensin 

I ABD-2 1 

h Capz 

m gelsolin 

A profilin 

c tensin 

c Capz 

113 

127 

4.20 

243 

89 

97 

1109 

243 

138 

152 

443 

m radixin 550 
~Pm 
L G Q:IRQGNTmAI: 

m talin 2874 ARKKLAQ:IRQ SI@mEB-COOH 

Thymosin b4 2 

Villin 805 

VASP 221 

KPDMAE:IEKFDKE 19 

PAAFSALPRWKQQ 822 

AGAPGLAAA:IAG 238 

h, human; m, mouse; A, Acanthamoeba; C, chicken 

270 

116 

125 

1137 

272 

577 

2901 
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By definition, cross-linking proteins must contain two actin-binding sites, thus 
promoting interactions with two separate actin filaments. Cross-linking proteins 
such as fimbrin contain two such motifs within their primary sequence, while other 
cross-linking proteins such as O!-actinin form homodimers as a means to generate 
two binding domains (MATSUDAIRA 199\). Since bundled actin exhibits the same 
polarity (Fig. I), many of the cross-linking proteins form antiparalle1 dimers. In 
addition, F-actin is largely O!-helical; thus only certain actin subunits will be 
properly oriented to interact with such an antiparallel dimer (McLAUGHLIN and 
WEEDS 1995). Therefore, the stoichiometry of cross-linking protein to an actin 
monomeric unit is generally 1:4-1 :6. To date, the regions on F-actin which bind 
cross-linking proteins with conserved ABD-l are unidentified. However, the ability 
of a number of cross-linking proteins to compete for F-actin binding suggests that 
the binding sites are overlapping. 

F-actin binding proteins have been divided into two groups based on their 
ability to compete for sites on actin (POPE et al. 1994). The first group includes F
actin binding domains of villin, gelsolin, O!-actinin, dystrophin, filamin, fibrin and 
other spectrin homologues. The second group includes ADF/cofilin, the head do
main of villin and dematin (POPE et al. 1994). The competitive binding exhibited by 
these two groups of proteins suggests that there may be a limited number of po
tential binding sites for cross-linking proteins on actin filaments. 

O!-Actinin is an abundant cross-linking protein which localizes to focal adhe
sions in fibroblasts, in membrane associated dense plaques and dense bodies in 
smooth muscle, the fascia adherens of the intercalated disks and Z-disks in cardiac 
muscle, and adherens cell-cell junctions (ZIGMOND et al. 1979; SANGER et al. 1987). 
O!-Actinin is a 90-100 kDa protein which forms head to tail antiparallel dimers. It 
contains two major structural domains, an N-terminal ABD-l and C-terminal 
calcium binding region or EF-hand motif (Fig. 2; SCHLEICHER et al. 1988). The 
central region of O!-actin is composed of a series of rigid O!-helical repeat sequences, 
similar to those observed in spectrin and related proteins. These repeat domains are 
predicted to stabilize the dimeric rod-like structures of O!-actinin, spectrin and 
dystrophin, the number of O!-helical segments determining the distance between the 
actin- and calcium-binding domains (MATSUDAIRA 1991). 

The EF-hand domain is a calmodulin-like calcium binding motif (HEIZMANN 
and HUNZIKER 1991). Calcium inhibits nonmuscle O!-actinin binding to actin, while 
the muscle form is calcium insensitive (BURRIDGE and FERAMISCO 1981). Since the 
calcium binding domain of one O!-actinin molecule interacts with the ABD of its 
dimerization partner (Fig. 2), it has been suggested that calcium may disrupt di
merization, and, therefore, block cross-linking (MATSUDAIRA 1991). An amino acid 
sequence comparison between the muscle and nonmuscle forms of O!-actinin reveals 
that the muscle form is alternatively spliced within the first EF-hand region, 
yielding a form of O!-actinin that is insensitive to calcium (PARR et al. 1992). Fi
broblasts contain both muscle and nonmuscle O!-actinin and both forms localize to 
focal adhesions (WAITES et al. 1992). The significance of calcium sensitive and 
insensitive forms of O!-actinin in focal complexes is unclear; however, it has been 
proposed that more mature focal adhesions contain higher levels of the calcium 
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Fig. 2. Topology offocal adhesion structural proteins. Focal adhesion proteins which provide structural 
support to the complex are shown. Approximate locations of the individual structural domains in each 
protein are indicated hy the symhols. Pro, proline-rich binding site for SH3 domains; PTyr, binding site for 
SH2 domain; ABDX, a region shown to bind actin which does not have homology to other actin binding 
domains. Each of the other domains is defined in the text 

insensitive form (WAITES et al. 1992). Interestingly, calcium is required to observe 
normal filopodia formation (as opposed to loops of actin bundles) and for the 
transition from filopodia to lamellipodia. Thus calcium may playa role in modu
lating the extent of actin cross-linking under certain circumstances (JANMEY 1994). 

PIP2 is another potential regulator of rx-actinin. PIP2 co-purifies with rx-actinin 
and has been shown to enhance the ability of rx-actinin to cross-link actin in vitro 
(FUKAMI et al. 1992). Other known focal adhesion binding partners for rx-actinin 
include the ~I integrin cytoplasmic domain, zyxin (see LIM domains below) and 
vinculin (OTEY et al. 1993; CRAWFORD et al. 1992; BELKIN and KOTELIANSKY 

1987). 



Modular Domains of Focal Adhesion-Associated Proteins 143 

Filamin is a ubiquitous actin cross-linking protein that interconnects actin 
filaments within cortical actin and links actin filaments at sites of cell-matrix ad
hesion (PAVALKO et al. 1989). Filamin is a 280-kDa dimer which contains an 
N-terminal ABD-I domain (Fig. 2). The central region of filamin is composed of 
tandem repeats which form a p-sheet motif. The p-sheet motif repeats are also 
found in ABP-120, another actin binding protein (GORLIN et al. 1990). Like the 
ct-helical repeats in ct-actinin, the p-sheet motifs are proposed to function as 
structural spacers. However, the p-sheets do not appear to mediate dimerization. 
Rather, filamin is a V -shaped dimer in which two molecules self-associate via a 
C-terminal domain. Thus filamin is a flexible hinge-like molecule with the potential 
to tightly pack actin bundles into focal adhesion contacts (Fig. I). 

The C-terminal domain of fila min also functions to anchor actin filaments to 
the plasma membrane. In platelets, filamin has been shown to bind to the trans
membrane glycoprotein I P/IX (EZZEL et al. 1988). In myeloid cells, it has been 
shown to bind the CD64 Fc receptor (OHTA et al. 1991). However, in cells that form 
focal adhesions (e.g., fibroblasts) the protein(s) responsible for linking filamin to 
the membrane have not been identified. In vitro evidence suggests that in addition 
to binding to transmembrane proteins, filamin may also directly interact with 
membrane phospholipids (TEMPEL et al. 1994). The actin cross-linking activity of 
filamin may be regulated by phosphorylation. Filamin is phosphorylated on serine 
residues by calcium calmodulin-dependent protein kinase II at sites proximal to the 
dimerization and/or membrane localization domain. Phosphorylation of these sites 
in vitro inhibits actin cross-linking (OHTA et al. 1995), indicating that like ct-actinin, 
calcium may playa role in regulating filamin cross-linking activity. 

Tensin is a large (200 kDa) actin cross-linking and capping protein that lo
calizes in the dense plaques of smooth muscle, the Z-lines of cardiac muscle and 
focal adhesion plaques of fibroblasts (BOCK HOLT et al. 1992). Tensin forms parallel 
dimers by intermolecular interactions involving C-terminal sequences. Three dis
tinct actin binding domains have been identified within tensin, two amino-terminal 
proximal ABD-I domains and a central ABD-2 domain (see below). In addition, 
tensin contains a C-terminal SH2 domain (Fig. 2). Unlike ct-actinin and filamin, 
tensin lacks large repeated spacer domains. In vitro binding experiments indicate 
that tensin binds F-actin via its N-terminal ABD-I domains (Lo et al. 1994). 
Capping of the membrane proximal barbed ends of actin, however, is thought to 
occur by actin binding to the central ABD-2 domain (Lo et al. 1994). Hence, 
dimerization via the C-terminal domains could generate a V-shaped structure al
lowing for cross-linking and capping of two F-actin filaments (Fig. I). 

Tensin is reported to associate with vinculin; however, sites of interaction 
within tensin have not been determined (WILKINS et al. 1987). Tensin is tyrosine 
phosphorylated in fibroblasts growing in culture (BOCKHOLT et al. 1992). While 
several putative phosphotyrosine binding sites for SH2 containing proteins in
cluding Src, Abl, Crk, and p85 PI3 K (Lo et al. 1994) have been noted, the binding 
of SH2 containing proteins to tyrosine phosphorylated tensin remains to be clari
fied. In addition, the binding specificity of the tensin SH2 domains remains unre
solved. Tensin also contains nine PEST sequences (signals for rapid proteolysis), 
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three of which surround the ABD-2 domain (La et al. 1994). The role of these 
sequences in regulating tensin activity or degradation is unclear. 

3.2.2 Capping Proteins: Radixin, Tensin, and Talin 

While the cross-linking proteins affect the organization and stiffness of the actin 
fibers, capping proteins regulate the rate of growth or polymerization of existing 
fibers. Addition of actin monomers to the growing stress filament takes place at the 
membrane proximal" + ," or barbed end as opposed to the "-," or pointed end 
(Fig. I; McLAUGHLIN and WEEDS 1995). Since polymerization at the barbed end is 
driven by the concentration of unpolymerized actin in the cell as well as the 
availability of free ends, capping proteins, by binding with high affinity to the 
barbed end, can regulate actin polymerization and help maintain the cellular pools 
of G-actin required for rapid remodeling (SCHAFER and COOPER 1995; SUN et al. 
1995). 

Focal adhesion complexes contain several actin capping proteins including 
talin, radixin and tensin. The structural similarity among capping proteins is not as 
high as that observed between actin cross-linking proteins. However, a leucine-rich 
sequence which is present within the actin binding domains of gelsolin, profilin, 
tensin, and radixin is also found within the capping domains of nonfocal adhesion 
proteins CapZ, villin, severin and fragmin (Table 2; BARRON-CASELLA et al. 1995). 
In addition, radixin, talin and the non focal adhesion proteins ezrin, moesin, the 
chicken CapZ P isoform and several myosin heavy chains contain a basic amino 
acid sequence (K YKXL; K = K/R) present in the center of the leucine-rich 
capping domain (TURUNEN et al. 1994). Table 2 illustrates the extent of the con
servation of this basic amino acid region in several capping proteins. We refer to the 
combination of these conserved sequences as ABD-2. 

Radixin is a 68-kDa protein with an N-terminal ERM motif (see below) and a 
C-terminal ABD-2 domain (FUNAYAMA et al. 1991). The actin binding region in 
radixin (and the family member ezrin) resides within the C-terminal 25 amino acids, 
a region that contains the potential actin binding site KYKXL (TURUNEN et al. 
1994). Recent evidence indicates that the N- and C-terminal regions of radixin self
associate in vitro. Thus radixin binding to actin may be regulated by modulating 
homodimerization (MAGENDANTZ et al. 1995). 

As discussed above, tensin has both actin cross-linking and capping activities. 
The central domain of tensin (Fig. 2) contains the ABD-2 domain and exhibits 
capping activity in vitro (CHUANG et al. 1995). Within this region the leucine resi
dues are positionally conserved when compared to similar regions in other actin 
capping proteins (Table 2). However, the significance of the conservation of these 
leucine residues for actin capping has not been tested. The central domain of tensin 
also shares significant sequence homology to a group of previously purified peptides 
called "insertins." Insertins exhibit barbed-end binding activity which slows but 
does not completely inhibit actin polymerization (RUHNAU et al. 1989; GAERTNER 
and WEGNER 1991). This has led to speculation that insertins are proteolytic frag
ments of tensin (La et al. 1994). However, recent data demonstrate that the actin 
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capping domain in tensin causes complete inhibition of actin polymerization, sug
gesting a mechanistic difference between tensin and insertins (CHUANG et al. 1995). 

Talin is localized in the myotendenous junctions and intercalated disks in 
muscle tissues and in focal adhesions in cultured cells (BURRIDGE and CONNELL 
1983). Although talin was initially defined as a capping protein, more recent reports 
describe talin as an actin nucleating protein with weak cross-linking abilities 
(KAUFMANN et al. 1992). The nucleating activity of talin results from its capacity to 
bind three G-actin monomers to form a tetramer. Therefore, talin can promote the 
association of actin monomers into de novo filaments. Talin has also been shown to 
promote a marked increase in ct-actinin mediated cross-linking activity 
(MUGURUMA et al. 1995). In the absence of ct-actinin, talin cross-links actin into 
compact bundles (13 nm spacing), although this effect is observed in vitro at rel
atively low pH (pH 6.4) and low ionic strength, and thus may not be physiologi
cally relevant (ZHANG et al. 1996). 

Talin (a 270-kDa protein) forms anti-parallel dimers (Fig. 2). Talin contains an 
amino-terminal domain that shows sequence similarity to the membrane binding 
region of ezrin (see below) (REES et al. 1990). The secondary structure of talin 
predicts an extended C-terminal ct-helical tail, resembling that of the elongated 
cross-linking proteins ct-actinin and fimbrin; however, the primary sequence does 
not reveal a conserved ABD-l domain found in other cross-linking proteins 
(McLACHLAN et al. 1994). Three actin binding domains within talin have been 
identified (Fig. 2; HEMMINGS et al. 1996). One of the regions, located in the extreme 
C-terminus of talin, displays sequence similarity to the ABD-2 domain of other 
actin binding proteins (Table 2). In addition to binding to actin, talin also binds to 
acidic phospholipids, to the focal adhesion proteins vinculin and F AK, and to the 
cytoplasmic tail of the ~ integrin (GOLDMAN et al. 1992; GILMORE et al. 1993; CHEN 
et al. 1995; KNEZEVIC et al. 1996). 

3.2.3 G-Actin Binding Proteins: Gelsolin and Profilin 

The focal adhesion associated proteins profilin and gelsolin bind monomeric 
G-actin and playa regulatory role in actin polymerization (SCHAFER and COOPER 
1995). Gelsolin contains a leucine rich ABD-2 domain which mediates the binding 
to G-actin. Whereas profilin contains a similar region (Table 2), the significance of 
this domain is unclear, due to lack of conservation of this domain among different 
species (BARRON-CASELLA et al. 1995). The crystal structure of the G 1 subunit of 
gelsolin in complex with actin has been solved. The structure predicts that the 
ABD-2 domain forms a long (four turn) ct-helix that contains most of the actin
contacting residues (SCHUTT et al. 1993). Within this-helix ten amino acids make 
direct contact with actin, including two of the four conserved leu cines of the core 
sequence (Table 2). These observations suggest that the conserved leucines may be 
important in stabilizing the interactions of this-helix domain with actin 
(McLAUGHLIN and WEEDS 1995). The crystal structure of profilin reveals a struc
ture virtually identical to that of the G 1 domain of gelsolin, although these two 
proteins differ significantly in amino acid sequence (SCHUTT et al. 1993). 
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Gelsolin belongs to the "severin" family of actin severing proteins. Included in 
this family are villin, severin, fragmin, and Cap G. Gelsolin (an 81-kDa protein) 
comprises six repeated segments (Gl-6) of approximately 150 amino acids 
(MATSUDAIRA et al. 1988). A comparison of the crystal structure of the G-actin 
binding domains in severin and villin with gelsolin reveals a conserved tertiary 
structure, consistent with the finding that these domains mediate similar activities 
in vivo (SCHUTT et al. 1993). 

Gelsolin has two repeat segments that bind monomeric G actin (Gl and G4) 
and one domain that binds F-actin (G2) (CHAPONNIER et al. 1986; BRYAN 1988). 
Both Gland G4 contain ABD-2 consensus sites for actin binding. The F-actin 
binding domain contained in G2 does not fit the ABD-l consensus; however, it 
does compete with the F-actin binding domain of ex-actinin (and related proteins) 
for actin binding (POPE et al. 1994). 

Gelsolin can sever, cap and nucleate actin filaments in a calcium-regulated 
manner (POPE et al. 1995). Maximal severing activity requires the coordinated side
binding of filaments (via G2) and capping (via GI), whereas nucleation requires the 
cooperative binding of segments G I and G4 to actin monomers. The side-binding 
segment, G2, appears to target the capping domain, Gl, to actin and may cause a 
conformational change that primes the actin filament for G 1 binding (ORLOV A et al. 
1995). Interaction of G 1 with residues that are important for actin-actin interac
tions destabilizes F-actin and produces a break in the filament. Severing of F-actin 
produces a newly formed barbed end which remains tightly capped by gelsolin 
(SCHAFER and COOPER 1995). 

Both the actin monomer binding segments require calcium for binding and 
severing actin. Two calcium binding sites have been mapped to the regions within 
the C-terminal subdomains of G4-G6 (POPE et al. 1995). However, these regions do 
not contain consensus calcium binding motif, such as the EF hand present in 
cr-actinin. In contrast to calcium, PIP2 inhibits gelsolin-actin interactions. Two 
PIP2 binding sites are localized within the C-terminal region of segment Gland 
N-terminal portion of G2 (Yu et al. 1992). PIP2 binding appears to block both G l
and G2-actin interactions and therefore, inhibits the steps required for the actin 
severing process. Since the PIP2 and actin binding sites on gelsolin do not overlap, 
it is possible that PIP2 binding may induce a conformational change in the struc
ture of the actin binding site. Evidence for the PIP2 induced conformational al
teration in gelsolin comes from circular dichroism studies (XIAN et al. 1995). In 
addition to blocking actin binding, PIP2 dissociates actin-gelsolin complexes and, 
thus, can release gelsolin from the newly formed barbed end (BARKALOW et al. 
1996). 

Src is a potential focal adhesion targeting protein for gelsolin. Src and 
gelsolin transiently interact in osteoclasts and Src (but not the related tyrosine 
kinase, Lck) phosphorylates gelsolin in vitro (CHELLAIAH and HRUSKA 1996; DE 
CORTE et al. 1997). Src-dependent phosphorylation was dramatically enhanced by 
addition of PIP2 but not other phosphatidylinositides (DE CORTE et al. 1997). 
The physiological significance of tyrosine phosphorylation of gelsolin is not 
known. 
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The monomer-binding protein, profilin, was originally characterized as an 
actin sequestering protein, but since has been recognized as a multifunctional 
regulator of actin polymerization (SOHN and GOLDSCHMIDT-CLERMONT 1994). Se
questering proteins bind to actin monomers and prevent them from associating 
with other actin molecules at filament ends, either by directly masking the actin
actin binding sites or by inducing a conformational change in the bound actin. 
Therefore, sequestering proteins effectively reduce levels of monomeric actin con
centrations and act in concert with capping proteins to inhibit spontaneous actin 
polymerization (SUN et al. 1995). Microinjection of profilin does reduce F-actin 
content, consistent with a role for profilin as an actin sequestering protein. 
However, microinjection of profilin-actin complexes increases cellular F -actin (CAO 
et al. 1992). Thus, depending on the relative amounts of profilin and actin in the 
cell, profilin can either promote or inhibit actin polymerization (SOHN and 
GOLDSCHMIDT-CLERMONT 1994). 

The enhancement of actin polymerization has been suggested to be due to the 
ability of profilin to regulate the amount of ATP-G-actin available for polymer
ization. G-actin monomers are released from polymerized actin in the ADP bound 
state, but must be converted to the A TP bound form to be incorporated into an 
elongating filament. The rate-limiting step of this cycle is the exchange of bound 
ADP for ATP. Profilin has been shown to increase the off-rate of ADP from 
G-actin 1000-fold, thus enhancing exchange. Profilin, therefore, can increase the 
rate of actin polymerization by increasing the effective concentration of A TP bound 
G-actin (GOLDSCHMIDT-CLERMONT et al. 199Ia). In addition, the profilin-G-actin 
complex can associate with F-actin, thereby shuttling ATP-actin monomers to the 
elongating filament (SOHN and GOLDSCHMIDT-CLERMONT 1994). 

Profilin is a single polypeptide chain of 120-140 amino acids. The primary 
sequence of profilin is poorly conserved among species; however, the predicted 
secondary and tertiary structure is highly conserved and is very similar to that of 
the gelsolin family (as described above) (McLAUGHLIN and WEEDS 1995). Profilin 
binds efficiently to small clusters of four to five molecules of PIP and PIP2 (LASSING 
et al. 1985). This interaction dissociates the profilin-actin complex and inhibits the 
hydrolysis of PIP2 by phospholipase C (PLC; GOLDSCHMIDT-CLERMONT et al. 
1991b). 

3.2.4 Other F-Actin Binding Proteins: V ASP and Vinculin 

V ASP (vasodilator-stimulated phosphoprotein, see also GP-5, below) is a 
46-50 kDa protein that localizes to focal adhesions and binds F-actin (REINHARD 
et al. 1992). Although the site of interaction with actin has not been mapped, V ASP 
does contain a KLKR motif (ABD-3; see Table 2). This sequence is identical to the 
actin binding regions in thymosin ~4, villin and dementin, suggesting that the actin 
binding domain in V ASP may be localized to these residues (VAN TROYS et al. 
1996). 

Vinculin also binds F-actin and has been proposed to attach actin microfila
ments to the plasma membrane and other focal adhesion proteins (BURRIDGE and 
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FERAMISCO 1980). The sequence of vinculin (l16-kDa polypeptide) predicts a 
90-kDa acidic N-terminal cr-helical domain and a 25-kDa basic C-terminus sepa
rated by a 50 residue Pro-rich region (FP-4 domain, see below). Although the 
binding of vinculin to actin was originally controversial, co-sedimentation and 
fluorescence energy transfer experiments clearly demonstrate direct binding. The 
region responsible for actin binding has been located within residues at the extreme 
C-terminus (MENKEL et al. 1994). However, this domain shows no sequence 
homology to either ABD-l, ABD-2, or ABD-3. Vinculin has no effect on actin 
polymerization, viscoelasticity or bending stiffness of actin filaments (GOTTER et al. 
1995). 

Sequences in the N-terminal domain of vinculin direct binding to the focal 
adhesion proteins, talin and cr-actinin, whereas sequences within the C-terminal 
domain ofvinculin mediate the binding to tensin and paxillin (GILMORE et al. 1992; 
MCGREGOR et al. 1994; WILKINS et al. 1987; WOOD et al. 1994). Residues contained 
within the paxillin binding site have been shown to be required for vinculin lo
calization to focal adhesions, suggesting that paxillin may direct vinculin to the 
focal adhesion complex (WOOD et al. 1994). Vinculin has been shown to self
associate through head to tail interactions, a process that blocks tal in and actin 
binding (JOHNSON and CRAIG 1994). In vitro, PIP2 binding to vinculin (to residues 
within the proline-rich FP-4 region, see below) enhances the binding to talin and 
actin, suggesting that PIP2 binding may be responsible for inducing conformational 
alterations in vinculin structure and modulate interactions with actin and talin 
(GILMORE and BURRIDGE 1996; WEEKES et al. 1996). 

Despite the ability of vinculin to bind actin and a number of other focal 
adhesion proteins, vinculin deficient F9 cells exhibit focal adhesions that are 
morphologically indistinguishable from those in control cells (VOLBERG et al. 1995). 
However, these cells display reduced spreading, have longer filopodia and show 
increased cell motility. Similarly, PC12 cells expressing antisense vinculin RNA 
extend unstable filopodia and lamellipodia (VARNUM-FINNEY and REICHARDT 
1994). These data suggest a role for vinculin in regulating or stabilizing the as
sembly of actin networks and/or filaments (VARNUM-FINNEY and REICHARDT 1994; 
GOLDMAN et al. 1995; COLL et al. 1995). 

3.3 ERM Motifs in Radixin and Talin 

The ERM motif was initially identified as a region of high homology shared among 
the actin-binding, membrane associated proteins ezrin, radixin and moesin (hence 
the term ERM; REES et al. 1990) (Table 1). The ERM motif is also present in the 
band 4.1 protein, an abundant 80-kDa polypeptide in red cell membranes. The 4.1 
protein mediates the association between spectrin and actin in vitro and is one of 
the proteins that links the spectrin-actin lattice to the lipid bilayer (TAKEUCHI et al. 
1994). ERM-domain containing proteins also include the focal adhesion protein 
talin and the nonfocal adhesion-associated tyrosine phosphatases PTP-HI and 
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PTP-MEG (TAKEUCHI et al. 1994). Many of the ERM-domain containing proteins 
are localized to the interface between the plasma membrane and cytoskeleton. The 
targeting of these proteins to membranes appears to involve ERM-mediated pro
tein-protein interactions with the integral membrane glycoproteins such as glyco
phorin C (which binds to protein 4.1) and CD44 (which binds to radixin, ezrin, and 
moesin; BENNETT 1989, TSUKITA et al. 1994). 

The actin capping protein radixin contains an N-terminal ERM motif 
(FUNA Y AMA et al. 1991). Radixin is reported to bind PIP2 and PIP2 binding ap
pears to markedly enhance in vitro association of CD44 with ERM motif (HIRAO 
et al. 1996). The interactions of radixin with CD-44 appear also to be regulated by 
the activation of the small GTP binding protein Rho. The association of radixin 
with cell membranes is enhanced by treatment of cell extracts with GTPyS and 
blocked by pretreatment of cells of the Rho-inhibitor, C3 exotransferase (HIRAO 
et al. 1996). A possible explanation of this Rho effect is the reported ability of 
Rho to elevate PIP2 levels by activating a PIP 5-kinase (REN et al. 1996). 
Alternatively, the association of radixin and CD44 could be regulated by Rho
dependent activation of a protein kinase. In the case of ezrin, another member 
of the family, serine and tyrosine phosphorylation of ezrin in response to EGF 
treatment of cells, leads to its redistribution from the cytosol to membrane 
microvilli (KRIEG and HUNTER 1992). 

The actin nucleating and cross-linking protein talin contains an ERM motif 
proximal to the N-terminus (Fig. 2; REES et al. 1990). The ERM domain is required 
for association of talin with the plasma membrane; however, the membrane targets 
of talin binding have not yet been identified. Like ezrin, talin is phosphorylated 
upon growth factor stimulation or plating cells on the ECM protein fibronectin 
(BRETSCHER 1989). It is tempting to speculate that phosphorylation of talin (as well 
as radixin and ezrin) may regulate either the availability or binding properties of the 
ERM domain. 

Table 3. Consensus sequence for the ERM motif 

I N-term I 
Radixin 63 4#1 93 

Talin 179 207 

I C-term I 
Radixin 181 

~tC 
210 

Talin 288 CGQMSE GVS 317 
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3.4 LIM Domains of Zyxin, CRP and Paxillin 

The LIM domain is a cysteine rich,. zink containing, protein binding module 
(SCHMEICHEL and BECKERLE 1994). LIM domains were originally identified as 
conserved modular domains in the transcription factors C. elegans L-Il, rat IsI-1 
and C. elegans Mec-3 from which the acronym was derived. However, LIM do
mains also appear to be important interaction domains for several focal adhesion 
proteins including zyxin, CRP (cysteine rich protein) and paxillin (SCHMEICHEL and 
BECKERLE 1994; CRAWFORD et al. 1994; TURNER and MILLER 1994). 

Zyxin is a 69-kDa protein with an N-terminal proline-rich region containing 
three FP-4 motifs (see below) followed by three C-terminal LIM domains (Fig. 2; 
BECKERLE 1986). Although LIM domains all exhibit a characteristic consensus 
sequence, the sequence differences within each LIM domain may be important in 
providing specificity to individual LIM domain interactions. For example, analysis 
of GST fusion proteins containing individual LIM domains of zyxin reveals that 
only the first LIM domain is necessary and sufficient for the binding of zyxin to 
CRP (SCHMEICHEL and BECKERLE 1994). Whether the second and third LIM do
mains direct the specific binding to other proteins remains to be determined. The 
proline-rich N-terminus of zyxin contains proline directed binding sites for the SH3 
domain of the nucleotide exchange protein vav (HOBERT et al. 1996) and also binds 
the focal adhesion proteins cr-actinin and Mena (see below). The major binding 
partner of zyxin is CRP, a 192 amino acid "LIM domain only" protein. CRP 
comprises an amino-terminal LIM domain followed by a short spacer and a 
C-termina1 LIM domain (Fig. 2; CRAWFORD et al. 1994). Binding partners for CRP 
other than zyxin have yet to be identified. 

Paxillin is a 68-kDa protein containing an amino-terminal proline domain and 
four C-terminal LIM domains (Fig. 3; TURNER and MILLER 1994). Deletion mu
tagenesis experiments provide evidence that the third LIM domain is required to 
direct paxillin to focal adhesions (BROWN et al. 1996). Presently, no binding part
ners for any of the paxillin LIM domains have been identified. Paxillin does not 
appear to interact with either zyxin or CRP, indicating that perhaps other LIM
domain binding proteins remain to be discovered. 

Paxillin has been demonstrated to interact with the focal adhesion proteins 
F AK and vinculin as well as with numerous SH2-containing proteins (TURNER and 
MILLER 1994; HILDEBRAND et al. 1995; TURNER et al. 1990). The binding to FAK 
and vinculin requires sequences in the middle domain of paxillin and appears to be 
constitutive, i.e., vinculin and F AK binding is not regulated by growth factor 
stimulation or adhesion of cells to the ECM (HILDEBRAND et al. 1995). On the other 
hand, the binding of other SH2-containing proteins is dependent upon the tyrosine 
phosphorylation of paxillin (SA BE et al. 1994; SCHALLER and PARSONS 1995; 
BIRGE et al. 1993). Tyrosine phosphorylation of paxillin is observed following 
adhesion of cells to ECM proteins, stimulation of cells with growth factors, or 
following transformation by oncogenic tyrosine kinases, such as v-Src and v-Abl 
(SALGIA et al. 1995). Tyrosine phosphorylation of paxillin occurs predominantly on 
a YXXP motif, and results in the formation of a high affinity binding site for the 
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Regulatory Proteins 

FAK 

SRC QC:JDC.W#mfit--9 

PKC-a W$##$/ZI 
PI3K (P85) 

Adapter Proteins 

PAXILLIN 
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Grb2~ 

Key to Domains 

PTYR VI 
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Fig. 3. Topology of focal adhesion signaling proteins. Focal adhesion proteins which are catalytically 
active or are adapter proteins (and recruit regulatory proteins) are shown. Approximate locations of the 
individual structural domains in each protein are indicated by the symbols 

SH2-SH3 containing linker proteins, such as Crk or Crkl (BIRGE et al. 1993; SALGIA 
et al. 1995). Transformation of cells with the oncogenic forms of v-Crk increases 
the tyrosine phosphorylation of paxillin and formation of stable complexes of 
paxillin with v-Crk (BIRGE et al. 1993). 

Paxillin also contains an N-termina1 proline motif that has been shown to bind 
to the SH3 domains of the tyrosine kinases, Src and Csk (WENG et al. 1993; SABE 
et al. 1994; SCHALLER and PARSONS 1995). Thus paxillin appears to serve as a 
multifunctional linker protein, mediating interactions with focal adhesion proteins 
(e.g., FAK and vinculin) as well as other SH2/SH3 domain-containing linker and 
signaling molecules. 

3.5 Other Conserved Domains in Focal Adhesion Proteins: 
GP-5, FP-4 and EVHl Motifs 

The GP-5 domain contains repeats ofa G-P-P-P-P-P sequence. This motif has been 
identified in a family of structurally similar cytoskeletal proteins including VASP, 
Mena (mammalian Ena, enabled), and Evl (Ena-V ASP-like; GERTLER et aL 1996). 
GP-5 motifs have also been identified in WASP, the protein implicated in Wiskott
Aldrich syndrome, which bears some homology to V ASP (SYMONS et aL 1996). 
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Both V ASP and Mena have been localized to focal adhesions by immunofluores
cence. 

Mena and VASP both contain an N-terminal EVHl domain (see below), and a 
central proline rich region containing GP-5 repeats. In the case of human V ASP, 
the first GP-5 repeat is separated by 46 amino acid from 3 downstream tandem 
GP-5 repeats (Fig. 2; HAFFNER et al. 1995). In Mena, a motif which differs from the 
GP-5 consensus by a single amino acid (an Ala to Pro substitution) is separated by 
19 amino acids from two downstream GP-5 repeats each separated by five amino 
acids (GERTLER et al. 1996). There are likely to be additional examples of conser
vative substitutions within the GP-5 motif and variations in the spacing of these 
motifs. However, the significance of the spacing between these motifs and the 
importance of the maintaining the precise sequence of this motif has not been 
tested. 

Since the GP-5 motifs have been identified in relatively few proteins, one can 
only speculate about their likely binding partners. V ASP binds to profilin and this 
interaction can be blocked with a GP-5-containing peptide. The binding site for 
VASP on profilin is likely to be identical to the site that binds poly-L-proline. This 
region consists of an aromatic, hydrophobic interface between two helices and a ~ 
sheet (METZLER et al. 1994; ARBER and CARONI 1994). Although this binding site is 
structurally distinct from other binding sites that interact with proline-rich pep tides 
such as SH3 domains and WW domains, each is characterized by the presence of a 
number of aromatic acid residues (Yu et al. 1992; MACIAS et al. 1996). Over 200 
proteins have been identified which contain at least 6 tandem proline residues, 
raising the possibility that the binding of GP-5 sequences to profilin-like domains 
represent a widespread protein-protein interaction domain. 

The localization of V ASP and profilin to focal adhesions, the association of 
VASP and profilin in vitro and the observations that VASP can bind to other focal 
adhesion proteins including vinculin and zyxin suggests that the GP-5-profilin in
teractions likely serve to recruit profilin to regions of actin assembly (discussed 
below; REINHARD et al. 1995a, b; BRINDLE et al. 1996). 

The FP-4 motif, F-P-P-P-P, has been identified in the focal adhesion proteins 
vinculin and zyxin as well as in the surface protein ActA from Listeria monocyto
genes (GERTLER et al. 1996; BRINDLE et al. 1996). ActA is required for Listeria to 
induce cytoplasmic F-actin formation, a process that leads to increased bacterial 
motility within the cell (SMITH et al. 1996). Zyxin has three FP-4 repeats, while 
vinculin contains a single FP-4 motif (SADLER et al. 1992; PRICE et al. 1989). Like 
the GP-5 motifs, the FP-4 motifs are distinct from the proline rich sequences 
recognized by SH3 domains and WW domains, but the extent to which FP-4 and 
GP-5 motifs share binding sites has yet to be fully explored. 

A putative target for FP-4 binding has been identified and is referred to as the 
Ena-VASP homology domain, or EVHl (GERTLER et al. 1996). The EVHl domain 
is a region of homology contained in the extreme amino terminus of V ASP, Mena, 
WASP and the S. cerevisiae protein verpolin (which is also implicated in cyto
skeletal reorganization; SYMONS et al. 1996). This domain is predicted to form an 
extended a-helix (DERRY et al. 1994). Biochemical experiments have shown that 
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zyxin, vinculin and ActA can bind directly to fusion proteins containing the EVHl 
domain from Mena (GERTLER et al. 1996). In addition, a short peptide containing 
the FP-4 motif from vinculin binds to VASP (BRINDLE et al. 1996). Also, micro
injection of a peptide containing the FP-4 motif displaces Mena and V ASP from 
focal adhesions (GERTLER et al. 1996), suggesting that the EVHl domain may 
function to direct Mena and related proteins (V ASP, WASP) to focal adhesions via 
the interaction with other focal adhesion proteins. 

4 Regulation of Focal Adhesion Assembly 

Because focal adhesions are multiprotein complexes, their assembly requires that 
individual focal adhesion proteins interact with multiple binding partners (see 
Table 4; Fig. 4). The assembly offocal adhesions is undoubtedly complex. How are 
proteins recruited to the complex, how are actin stress filaments anchored within 
the complex and how are the assembly and disassembly of such structures regu
lated? Integrin binding to extracellular matrix (or the cross-linking of integrin 
subunits with antibodies that mimic ligand binding) is sufficient to initiate many of 
the early steps in the formation of focal adhesions (such as the recruitment ofFAK, 
tensin, talin, vinculin and ct-actinin) (MIYAMOTO et al. 1995a, b). Thus it is likely 
that the clustering of integrin subunits at the cytoplasmic face is an early and 
necessary event in focal adhesion formation. However, it is becoming increasingly 
clear that assembly of both focal adhesions and stress fibers is regulated by the 
activity of small GTP binding proteins of the Rho family and protein tyrosine 
kinases (RIDLEY 1996). 

Table 4. Interactions between focal adhesion proteins 

Int Act aAct Tal Ten Pro Vine Vasp Zyx Crp Fak Src p85 Pax Cas grb2 

(l(-Actinin + + + + 
Talin + + + + 
Tensin + + 
Profilin + + 
Vinculin + + + + + + 
Vasp + + + + 
Zyxin + + + 
Fak + + + + + + + 
Src + + + + 
PI3 kinase - + + + 
Paxillin + + + 
Cas + + 

Int, integrin; Act, actin; aAct, (l(-actinin; Tal, talin; Ten, tensin; Pro, profilin; Vine, vinculin; Zyx, zyxin; 
p85. p85 PI-3 kinase; Pax, paxillin; Cas, p 130 Cas. 
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u-actinin ' profilin ~ zyxin~ 

CRP~ S(C~ : FAK 6 S S S S S S S SI tal in~ lilamin 

P130-- ~ vasp ~ 
lensin : I paxillin~ vinculin~ 

Fig. 4. Schematic view of a focal adhesion. This model shows the predicted organization of both 
structural and signaling proteins in focal adhesion complexes. Many of the known protein-protein in
teractions are shown 

Swiss 3T3 cells deprived of serum and/or growth factors lose stress fibers and 
focal adhesions. Microinjection of activated Rho into starved cells rapidly induces 
the formation of stress fibers and focal adhesions, whereas treatment of cells with 
the Rho-specific inhibitor, C3 exotransferase, which ADP-ribosylates and inacti
vates Rho, inhibits formation of both stress fibers and focal adhesions (NOBES and 
HALL 1995). Similarly, treatment of cells with activators of G-protein coupled 
receptors such as lysophosphatidic acid (LP A), endothelin, thrombin and bombesin 
also stimulate the Rho dependent formation of stress fibers and focal adhesions 
(MACHESKY and HALL 1996). What are the downstream effectors of Rho which lead 
to assembly of stress fibers and focal adhesion? Two candidate effector pathways 
show intriguing activities. Rho activates at least two serine/threonine kinases, PKN 
and ROCK (WATANABE et al. 1996; AMANO et al. 1996a, b; LEUNG et al. 1996). 
Although the complete spectrum of substrates for PKN and ROCK is not known, 
one substrate is the myosin-binding, regulatory subunit of the myosin phosphatase 
(PPI-M). Phosphorylation ofPPI-M by ROCK inactivates the phosphatase and in 
turn enhances myosin-light chain (MLC) phosphorylation, an effect that stimulates 
actin-myosin mediated contraction (KIMURA et al. 1996; AMANO et al. 1996a). 
Considerable evidence links the formation of focal adhesions and stress fibers with 
actin-myosin contractility (BURRIDGE and CHRZANOWSKA-WODNICKA 1996). Thus 
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the regulation of contractility by Rho and the effects of MLC kinase inhibitors on 
focal adhesion formation are consistent with a role for actin-myosin in focal ad
hesion assembly (BURRIDGE and CHRZANOWSKA-WODNICKA 1996). 

Rho is also reported to affect the synthesis and accumulation of PIP2. Cells 
held in suspension lack focal adhesions and stress fibers and contain low levels of 
PIP2 (McNAMEE et al. 1993). Integrin clustering or microinjection of activated Rho 
leads to the elevation of intracellular PIP2 (CHONG et al. 1994). Rho binds to and 
stimulates a lipid kinase, phosphatidylinositol 4-phosphate-5-kinase, PIP5-K (REN 
et al. 1996). PIP5-K converts phosphatidylinositol-4-phosphate (PIP) to PIP2. As 
discussed above, PIP2 regulates the binding interactions of a number of focal 
adhesion proteins and enhances actin polymerization. 

Activation of tyrosine kinases is also a prerequisite for focal adhesion assembly 
since inhibitors of tyrosine kinase activity block cell adhesion and formation of 
focal adhesions (RIDLEY and HALL 1994; BARRY and CRITCHLEY 1994). Clustering 
of integrins appears sufficient to recruit F AK and tensin, and results in auto
phosphorylation of FAK (SCHALLER and PARSONS 1994; COBB et al. 1994). FAK 
may be recruited directly to clustered integrin by a direct interaction with the 
cytoplasmic domain of the integrin subunit (SCHALLER and PARSONS 1995). Tyro
sine phosphorylation of FAK occurs at a major site, Tyr397, and phosphorylation 
of Tyr397 creates a binding site for the SH2 domain of another nonreceptor ty
rosine kinase, Src, resulting in formation of a bipartite complex of two tyrosine 
kinases (SCHALLER and PARSONS 1994; COBB et al. 1994). The formation of the 
F AK/Src complex results in the activation of Src and the activation of downstream 
signals (SCHLAEPFER et al. 1994). One candidate substrate for the FAK/Src complex 
is the LIM domain containing protein, paxillin. Signals that stimulate the tyrosine 
phosphorylation of F AK, such as adhesion to ECM proteins and growth factor 
stimulation (LP A, endothelin, bombesin) also induce the tyrosine phosphorylation 
of paxillin (TURNER et al. 1993; ZACHARY et al. 1993; STEUFFERLEIN and 
ROZENGURT 1994; RANKIN and ROZENGURT 1994). Inhibition of FAK-dependent 
signaling by co-expression of the C-terminal domain of FAK results in the inhi
bition of the rate of cell spreading and the inhibition of paxillin tyrosine 
phosphorylation (RICHARDSON and PARSONS 1996). The co-localization and co
activation of paxillin and F AK, their stable interaction, the interaction of paxillin 
with vinculin and the potential for multiple protein-protein interactions via LIM 
domains argues that pax ill in may be a key regulator of focal adhesion complex 
assembly. 

Integrin clustering may lead to formation of focal adhesions by a mechanism 
independent of FAK activation (WILSON et al. 1995). For example, both cr-actinin 
and talin have been reported to bind directly to the cytoplasmic domain of integrins 
(OTEY et al. 1993; KNEZEVIC et al. 1996). Thus, recruitment of et-actinin (or talin) 
may initiate the recruitment of other focal adhesion proteins and the formation of 
stable focal adhesions (MIYAMOTO et al. 1995a, b). One might speculate that 
these focal adhesions would lack the capacity to "signal" to downstream kinase 
cascades and thus might function in cells where adhesive interactions are more 
important. 
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Table 5. Focal adhesion proteins regulated by PIP2 

Protein 

IX-Actinin 
Radixin 

Vinculin 
Profilin 

Gelsolin 

Function 

Cross-links actin filaments 
Caps actin filaments and 
attaches filament to membrane 

Connects FAPs to actin filaments 
Caps actin filaments and nucleates 

polymerization 

Actin severing protein 

Table 6. Focal adhesion proteins regulated by calcium 

Protein Function 

IX-Actinin Cross-links actin filaments 

Gelsolin Actin severing protein 

Calpain II Protease 

PIP2 effect 

Enhances cross-linking activity 
Enhances binding to 
membrane protein CD44 

Enhances actin and talin binding 
Dissociates profilin from 
barbed end (favors 
actin polymerization) 

Dissociates gelsolin from 
barbed end (favors actin polymerization) 

CaCh effect 

Inhibits cross-linking activity 
(favors depolymerization) 

Enhances severing activity 
(favors depolymerization) 

Enhances proteolytic activity 

Cell motility requires the formation of new focal adhesions at the leading edge 
of the cell and the breakdown of the same structures at the rear of the cell. Two 
major regulators of this process are likely to be PIP2 and calcium. As discussed 
above, PIP2 appears to regulate a number of actin binding proteins and thus 
promotes actin polymerization (Table 5). Calcium also is a putative regulator of 
actin binding proteins and may contribute to the process of actin depolymerization 
(Table 6; JANMEY 1994). PIP2 itself has been localized to focal adhesions and has 
been shown to bind and regulate actin binding proteins including vinculin, the 
cross-linking protein cr-actinin, the capping protein radixin, the sequestering pro
tein profilin, and the severing protein gelsolin (GILMORE and BURRIDGE 1996; 
FUKAMI et al. 1992; HIRAO et al. 1996; LASSING et al. 1985). As noted above, PIP2 
binding to vinculin prevents self-association, promotes actin and talin binding and 
may regulate the recruitment of proteins to focal adhesions (GILMORE and BUR

RIDGE 1996). PIP2 binding to cr-actinin enhances the ability of cr-actinin to cross
link actin in vitro (FUKAMI et al. 1992). In addition, cell fractionation experiments 
indicate that the pool of cr-actinin associated with the cytoskeleton is bound to PIP2 
whereas the cr-actinin in the cytosol is not, suggesting a role for PIP2 regulating 
cr-actinin in vivo (FUKAMI et al. 1992). PIP2 binding to the capping (and ERM
containing) protein radixin enhances the interaction of radixin with the plasma 
membrane anchor protein CD44 (HIRAO et al. 1996). Although the effect of PIP2 
on the capping activity of radixin has not been tested, PIP2 binding to other 
capping proteins including gCap39, Cap 100 and MCP causes dissociation from the 
barbed end which exposes polymerization sites and enhances filament elongation 
(JANMEY 1994). PIP2 binding to profilin and gels olin also causes dissociation of 
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these proteins from the barbed ends of actin, again resulting in increased actin 
polymerization (GOLDSCHMIDT-CLERMONT et al. 1991b; BARKALOW et al. 1996). 
Therefore it is very likely that the synthesis of PIP2 at the site of integrin clustering 
may be a critical regulatory step in both the assembly and dynamic control of focal 
adhesions. 

The regulation of local PIP2 levels within the focal adhesion complex may 
allow for selective polymerization and depolymerization of actin that is in contact 
with the plasma membrane. Interestingly, PIP2 when bound to profilin and gelsolin 
is a poor substrate for PLCs (GOLDSCHMIDT-CLERMONT et al. 1990). However, 
when PLCyl becomes tyrosine phosphorylated in response to growth factor stim
ulation, it can cleave profilin- and gelsolin-bound PIP2, suggesting a possible point 
of negative regulation of PIP2 levels (GOLDSCHMIDT-CLERMONT et al. 1991b). 

Both the noncontractile form of ex-actinin and gelsolin bind to and are regu
lated by calcium (PARR et al. 1992; POPE et al. 1995). Calcium-binding to ex-actinin 
inhibits its association with actin, whereas calcium binding to gelsolin enhances its 
association with actin. Thus increased calcium would generate smaller filaments 
with less actin cross-links and favor depolymerization of the actin network. In 
addition, the focal adhesion localized protease calpain II is activated by calcium 
and may be involved in degradation of associated actin binding proteins (BECKERLE 
et al. 1987). For example, cleavage of both talin and filamin by calpain II could 
result in dissociation of the actin binding domains from the membrane attachment 
site in each protein, destabilizing the actin network. 

Although considerable progress has been made in elucidating the events 
leading to the assembly of focal adhesions, less is known about their disassembly. 
However, as the assembly of focal adhesions appears to involve tyrosine phos
phorylation, tyrosine phosphatases are likely to play an important role in disas
sembly. PKA has been shown to promote the disassembly of stress fiber focal 
adhesions, an event that may be catalyzed by the dephosphorylation of paxillin 
(HAN and RUBIN 1996). cAMP causes a rapid tyrosine dephosphorylation of pa
xillin and a concomitant translocation of paxillin from focal adhesions to the cy
toplasm. These events appear to precede disassembly of focal adhesion complexes 
(HAN and RUBIN 1996). The PKA effect appears to be coupled to protein-tyrosine 
phosphatase activity, since pervanadate inhibits PKA-mediated focal adhesion 
disassembly (HAN and RUBIN 1996). Interestingly, a recently identified tyrosine 
phosphatase, LAR, has been shown to be localized in focal adhesions (SERRA
PAGES et al. 1995). It remains to be determined whether this protein contributes to 
the breakdown of focal adhesions. 

Future experiments must explore many difficult issues, including the structural 
interactions of proteins needed for focal adhesion complex formation, the role of 
tyrosine kinases and small GTP binding proteins in the regulation of actin network 
and stress fiber formation and how the generation of phospholipids regulates dy
namic properties of focal adhesion complexes. As discussed in this review, multiple 
protein-protein interactions through distinct modular binding domains play an 
important role in the assembly of both the focal adhesion complex and actin stress 
fibers. The regulation of assembly and the regulation of the ordered breakdown of 
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these structures will continue to be of importance for many cellular functions, and 
the understanding of these mechanisms will be central to our understanding of 
normal and abnormal cell growth. 
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1 Introduction 

Most tyrosine kinase receptors were first identified in the early 1980s, as the cellular 
counterpart of viral oncogenes, whose isolation was made possible by the trans
forming ability of their constitutively active products (BISHOP 1983). During the 
following 10 years, together with the cloning and characterization of an increasing 
number of tyrosine kinase receptors (RTKs), came the realization that the pre
requisite for stimulation of their kinase activity and consequent autophosphory
lation is ligand-induced stabilization of receptor dimers (ULLRICH and 
SCHLESSINGER 1990). However, it was only in the early 1990s with the identification 
of SH2 (Src homology 2) domains as phosphotyrosine binding modules that it was 
finally appreciated how receptors work in transmitting signals to downstream ef
fectors (KOCH et al. 1991). It became clear that activated receptors interact via 
specific phosphotyrosine residues with SH2-containing cytoplasmic molecules, ef
fectively relocating them to the cell membrane. This act of recruitment, sometimes 
followed by activation via tyrosine phosphorylation, brings effectors into the best 
position to generate second messengers from phospholipid precursors and to ac
tivate signaling cascades initiated by membrane-anchored proteins. 

The presence of SH3 (Src homology 3) domains together with SH2s in many 
cytoplasmic molecules (SH3s were recognized as distinct protein-protein interaction 
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modules soon after SH2s) indicated that additional partners could be indirectly 
recruited to the receptor, thus assembling multimolecular complexes capable of 
triggering intricate signaling circuits. As the key role of SH2 and SH3 domains in 
cell signaling was being unraveled, the search for new conserved domains began 
and, within a very short time, enough of them have emerged (reviewed by PAWSON 
1995) to justify the call for the present volume. In this review I will focus on some 
aspects of the initial events in RTK mediated signal transduction, particularly on 
receptor-SH2 interactions, highlighting their relevance in the physiological re
sponse to activated receptors, both in vitro and in vivo. 

2 Specificity of Receptor-SH2 Interactions is Determined 
by Both Members of the Pair 

Work on PDGF (phabelet-derived growth factor) receptor, originally carried out 
using a combination of synthetic phosphopeptides and site-directed mutagenesis, 
revealed that phosphotyrosine-SH2 interactions are specific and that the residues in 
positions + 1, + 2 and + 3 with respect to the phospho tyrosine are important for 
SH2 recognition (FANTL et al. 1992). This was soon confirmed by the development 
and use of degenerate phospho peptide libraries, which allowed the identification of 
optimal binding motifs for each SH2 (SONGYANG et al. 1993). These studies, to
gether with the solution of the crystal structures of SH2 domains completed with 
their phosphopeptide ligands, indicate that most SH2 domains fall into two main 
categories, named groups I and III. Group I SH2s, found in Src-like cytoplasmic 
protein tyrosine kinases (PTKs) prefer the motif pTyr-hydrophilic-hydrophilic
hydrophobic. Group III SH2s, found in phospholipase Cy (PLCy), p85, SH2 
phosphatase 1 and 2 (SHP-l and 2) and Shc, select for pTyr-hydrophobic-X-hy
drophobic (SONGYANG and CANTLEY 1995). Substituting a conserved aliphatic 
residue found in position ~D5 of group III SH2s with a Tyr switches their speci
ficity to that of group I SH2s (SONGYANG et al. 1995a). Furthermore, the residue at 
the EFI position of the Src SH2 binding pocket is a Thr, while that in the SH2 
of the Sem5/Drk/Grb2 adaptor is a Trp. Changing this residue from Thr to Trp 
in the Src SH2 domain switches its selectivity to that of the Sem5/Drk/Grb2 SH2 
(MARENGERE et al. 1994). 

These and other studies show that single point mutations have the potential to 
disrupt or modify SH2 specificity. The adaptor Sem-5 provides an example of the 
consequences of such mutations in vivo. In C. elegans, the Sem-5 gene product 
participates in the induction of the hermaphrodite vulva by binding to the Let-23 
receptor tyrosine kinase and linking it via its SH3 domains to SoS, thus activating 
the Ras pathway (CLARK et al. 1992). Mutations in the Sem-5 SH2 domain which 
interfere with phospho tyrosine binding produce a vulvaless phenotype, demon
strating that the SH2-receptor interaction is essential for Let-23-mediated activa
tion of the Ras pathway in vivo. On the other hand, a chimeric Sem-5 protein 
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contammg a Src SH2 domain with the Thr to Trp mutation described above 
restores a normal vulva when expressed in a vulvaless C. elegans strain carrying a 
strong Sem-5 allele (MARENGERE et al. 1994). These results confirm in vivo that the 
biological activity of an SH2 domain depends on its binding specificity. 

The use of degenerate phosphopeptide libraries was subsequently extended to 
the identification of optimal peptide substrates for PTKs (SONGYANG et al. 1995b). 
These studies indicate that the catalytic domain of RTKs is also selective. While 
both soluble and receptor-like tyrosine kinases prefer substrates with acidic residues 
at positions -3 and -2 to the Tyr and with a large hydrophobic amino acid at 
position + 3, there is a major difference between the two groups in the preferred 
amino acid at the -1 and + 1 positions. Cytoplasmic PTKs select for pep tides with 
lIe or Val in -1, and for Glu, Asp or residues with small side chains (Gly or Ala) in 
+ 1. Receptor PTKs select for pep tides with Glu in -1, and for amino acids with 
large hydrophobic side chains in + 1. By considering the selectivities of cytoplasmic 
and receptor PTKs together with those of SH2 domains, it appears that receptor 
PTKs are predisposed to auto- or transphosphorylate residues which will act as 
docking sites for proteins with group III SH2 domains (phosphatidylinositol 3-
kinase: PI3K, PLCy, SHP-2 tyrosine phosphatase), while SH2-containg PTKs will 
phosphorylate tyro sines recognized by proteins with group I SH2 domains (other 
SH2 containing PTKs, Crk) (reviewed by SONGYANG and CANTLEY 1995). There 
are, however, exceptions. Some receptors, among which is the PDGFR, recruit Src
family PTKs (MORI et al. 1993). Furthermore, the Grb2 SH2, whose selectivity is 
determined mainly by the presence of an Asn in + 2 (p YXNX), binds sites that are 
good substrates for both cytosolic or receptor PTKs (SONGYANG and CANTLEY 
1995). Finally, it should be noted that although some natural sites conform sur
prisingly well to an optimal binding motif for a particular SH2 domain, the binding 
specificity of docking sites is not always absolute, and there may be more than one 
SH2-containing effector within a cell capable of binding with similar high affinity to 
the same site. For example, the EGFR (epidermal growth factor receptor) binding 
sites for PLCy, RasGAP (GTPase activating protein) and p85 are not strictly 
specific (SOLER et al. 1994), and one of the two PI3K binding sites on the PDGFR 
can also potentially bind the Nck adaptor (NISHIMURA et al. 1993). 

Furthermore, by mutating the residues in + 3, + 4 and + 5 of the PLCy 
binding site of the PDGF receptor, it is possible to convert a site that is specific for 
PLCy and does not bind PI3K, into a site that complexes with both PLCy and 
PI3K (LAROSE et al. 1995). 

A particular example of such mixed binding specificity is given by two mem
bers of the Met family of receptors, the HGF (hepatocyte growth factor) and 
MSP (macrophage stimulating protein) receptors (Met and Ron). Both of these 
receptors signal through a bidentate docking site, which appears to be truly 
"multifunctional" (PONZETTO et al. 1994; IWAMA et al. 1996). The two phospho
tyro sines of the bidentate site are part of a conserved motif permissive for several 
effectors which bind to both of them with affinities in the nanomolar range, with the 
exception of p85, which binds with a tenfold lower affinity (PONZETTO et al. 1993, 
1994). High affinity phosphopeptide-SH2 interactions are characterized by very 
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rapid dissociation rates (approx. O.l/s), which allow for rapid exchange of com
peting SH2-containing proteins (FELDER et al. 1993; PANAYOTOU et al. 1993). 
Presumably the ultimate signaling output in this and other cases is influenced by the 
local concentration of effectors, which may vary from cell to cell. Interestingly, 
HGF has been shown to promote survival, growth, and motility (reviewed in 
BOROS and MILLER 1995). These effects are elicited alone or in combination in 
different target cells. Similarly, Ron recruits different effectors depending on cell 
type and mediates biological responses as diverse as growth and apoptosis (lwAMA 
et al. 1996). 

3 Mutations Subverting Receptor Kinase Specificity are Oncogenic 

The best evidence that correct recognition of potential phosphorylation sites is 
important for ensuring fidelity in intracellular signaling and control of cell growth 
is provided by the gain-of-function effect of mutations in the catalytic domain of 
Ret and Kit. Both receptors become oncogenic when they acquire single point 
mutations that subvert their substrate specificity. Structural and homology studies 
have identified a residue in subdomain VIII of tyrosine kinases important for 
substrate selection, which, as mentioned above, differs between receptor and non
receptor PTKs. In most RTKs this residue is a methionine, while in cytoplasmic 
PTKs there is a threonine in place of the methionine. A Met to Thr germline 
mutation in the Ret receptor gene, involving precisely this residue, is responsible for 
the autosomal dominantly inherited cancer syndrome multiple endocrine neoplasia 
2B (MEN2B) (SANTORO et al. 1995). The mutation switches the substrate specificity 
of the Ret receptor to mimick that of cytoplasmic PTKs. This alters the phos
phorylation pattern of the receptor itself, resulting in the appearance of a novel 
autophosphorylation site and in the loss of others (LIU et al. 1996). The pattern of 
phosphorylation of cytoplasmic proteins also varies in cells expressing the MEN2B 
Ret variant versus wild type Ret (SANTORO et al. 1995). 

Another mutation which alters substrate specificity by converting a residue 
conserved in receptor PTKs into a residue typical of cytoplasmic PTKs has been 
identified in an oncogenic form of Kit, found in rodent and human mast cell 
leukemias (PIAO et al. 1996). The Kit mutation involves a conserved aspartic acid, 
located in subdomain VII (20 amino acids distant from the residue involved in 
MEN2B), which is mutated into a cytoplasmic PTK-like neutral residue. Similar to 
the effects of the. Ret MEN2B mutation, this change results in aberrant auto
phosphorylation of the Kit receptor, and in preferential phosphorylation of a novel 
substrate which may contribute to the uncontrolled growth of mast cells (PIAO et al. 
1996). Interestingly, the mutation also results in the selective ubiquitin-mediated 
degradation of the SHP-I tyrosine phosphatase, which normally associates with 
wild type Kit receptor and is involved in negative regulation of its signal (PIAO et al. 
1996). The identity of the variant autophosphorylation sites in the oncogenic forms 
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of Ret and Kit has not yet been determined. It seems reasonable, however, to 
suppose that these newly acquired phospho tyro sines may contribute to altering the 
signaling capability of the receptors by working as additional docking sites. In both 
cases, aberrant signaling rather than constitutive activation of the receptor kinase 
may ultimately be responsible for the establishment of neoplasia. 

4 Abrogation of Receptor Docking Sites Causes a Partial 
Loss-of-Function in the Biological Response to the Ligand 

Proof that phosphotyrosine-SH2 interactions are required for the biological re
sponse to activated RTKs is provided by the loss-of-function phenotypes obtained 
in target cells by abrogating the docking sites via site-directed mutagenesis. Since 
many receptors have multiple docking sites relatively specific for a particular SH2-
containing effector, single or combined Tyr-Phe mutations have been used to es
tablish the role of distinct signaling pathways and their synergies in the biological 
response to receptors. Mutation of a single docking site may have either subtle or 
dramatic effects depending on the receptor, but generally does not completely 
abrogate the biological response. The most striking effects of all are observed with 
the oncogenic forms of receptors, which often lose their transforming ability after 
removal of a single tyrosine directly or indirectly involved in Ras activation. This is 
the case with activated ErbB-2, where mutation of the C-terminal autophos
phorylation site (a "dual" binding site for the phospho tyrosine binding (PTB) 
domain of Shc, which connects the receptor to the Ras pathway, and for the SH2 
domain of PLCy) completely abolishes transformation (BEN-LEVY et al. 1994). In 
Tpr-Met, the oncogenic form of the HGF receptor, a Tyr-Phe mutation of the 
multifunctional tyrosine responsible for binding Grb-2, among other effectors, 
drastically lowers its transforming ability and impairs the motility response to the 
receptor (PONZETTO et al. 1994, 1996). A more subtle mutation in this docking site 
(YVNV ~ YVHV), aimed at selectively disrupting binding with Grb2, greatly re
duces transformation but is fully permissive for motility (PONZETTO et al. 1996; 
FIXMAN et al. 1996; FOURNIER et al. 1996). Similarly, mutation of the Grb2 binding 
site in Bcr-Abl (the product of the chimeric gene found in chronic myelogenous 
leukemia) results in the loss of its ability to transform primary bone marrow cul
tures, but does not interfere with its ability to protect lymphoid precursors from 
apoptosis (CORTEZ et al. 1995). 

In more physiological systems, mutation of a single docking site has generally 
more subtle effects. Loss of the PI3K binding site in the Kit receptor interferes with 
Steel ligand-induced mast cell adhesion to fibronectin, but has only a partial effect 
on cell proliferation and survival (SERVE et al. 1995). In PCl2 cells, where stimu
lation of an ectopic PDGFR has a differentiative effect, a PDGFR mutant lacking 
one of the two PI3K binding sites can still promote differentiation, but loses the 
ability to sustain survival after serum deprivation (YAO and COOPER 1995), im-
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plicating activation of PI3K in protection from apoptosis. The endogenous medi
ator of survival and differentiation signals in PCl2 cells is the Trk receptor. Re
moval of the binding site for the Shc PTB domain in the juxta-membrane of Trk 
causes a severe defect in neurite outgrowth, suggesting an essential role for the Ras/ 
Map kinase pathway in the regulation of neuronal differentiation (OBERMEIER 
et al. 1994). Mutation of the high affinity binding site for PLCy in the carboxy
terminal tail of the Trk receptor does not seem to have any effect. However, "re
introduction" of the PLCy binding site in a Trk mutant lacking association sites for 
PI3K, Shc and PLCy results in moderate neurite outgrowth, providing support for 
a complementary role for PLCy with Shc in the Trk-mediated differentiative re
sponse (OBERMEIER et al. 1994). This "add back" approach is often more revealing 
than mutating single docking sites, especially when the latter does not appear to 
cause any obvious loss of function. The response to receptor mutants lacking 
docking sites is generally evaluated at saturating concentrations of ligand. This may 
lead to an underestimate of the contribution of effectors which may play an im
portant role at more physiological ligand concentrations. Using the "add back" 
approach it has been shown that there are at least two discrete pathways by which 
the PDGF receptor can transduce a mitogenic signal. In fact, recruitment of either 
PLCy or PI3K rescues the response to a PDGFR carrying five Tyr-Phe mutations 
and unable to trigger DNA synthesis (V ALIUS and KAZLAUSKAS 1993). The general 
picture which emerges from the studies on docking site mutagenesis in the various 
receptors (only a few examples of which were reported above) is, as expected, one of 
cooperation among the signaling molecules recruited by the receptors. A conclusion 
which seems to be valid for every receptor is that docking sites are essential for 
receptor signaling, and that activation of the kinase domain is not sufficient by itself 
to elicit a response. 

The simple model of "linear" signaling so far outlined, however, is not an 
adequate representation of signal transduction as it occurs in a real cell. There are, 
in fact, several ways for RTKs to effectively expand the range of their downstream 
effectors, or to amplify their signaling. One example is that of the ErbB family of 
receptors (reviewed in CARRAWAY and BURDEN 1995), for which the term "lateral" 
signaling has been coined, alluding to the unique modality of signal diversification 
made possible by heterodimerization among different members of the same family 
(PINKAS-KRAMARSKI et al. 1996; TZAHAR et al. 1996). ErbB-2, which has no known 
ligand and has the highest intrinsic kinase activity, represents a shared subunit 
found in heterodimers with ErbB-l (cognate ligands EGF and transforming growth 
factor-a; TGF-a) and ErbB-3 or ErbB-4 (cognate ligands Neu differentiation fac
tors). The various members of the family differ in their potential SH2 docking sites; 
thus heterodimerization enables variation of signaling outputs and results in graded 
proliferative and survival responses (CARRAWAY and CANTLEY 1994). 

Remarkably, ErbB-3, which appears to confer the most potent mitogenic ac
tivity to an ErbB-2 heterodimer, is kinase defective but contains several consensus 
motifs capable, upon transphosphorylation, of binding the p85 regulatory subunit 
of PI3K. Thus ErbB-3 serves more as an adaptor than as a receptor kinase. 
"Lateral" signaling can explain the paradox of an EGFR mutant lacking all known 
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autophosphorylation sites which is apparently still competent in mitogenic sig
naling (GOTOH et al. 1994). In this case endogenous ErbB-2 or other members of the 
EGFR family supply in trans the necessary docking sites for SH2-containing 
proteins (SASAOKA et al. 1996). 

Another means of signal amplification, which may be more widespread than 
originally thought, is the transphosphorylation of multi adaptor-like proteins, 
whose prototypes are insulin receptor substrate-l and 2 (IRS-l and 2). Following 
activation of the insulin or IGF-l receptors, the IRS molecule is phosphorylated 
on multiple tyrosine residues (MYERS et al. 1994). These include potential docking 
sites for Grb2, PI3K, PLCy, and SHP-2, which are not found on the receptor itself. 
It has recently emerged that IRS-l and IRS-2 are also phosphorylated by various 
cytokine receptors coupled to JAK family kinases (WATERS and PESSIN 1996); thus 
their role is broader than originally thought. The insulin receptor, however, seems 
to phosphorylate an additional multiadaptor protein, GAB-I, which is also a 
substrate of the EGF and HGF receptors (HOLGADO-MADRUGA et al. 1996). While 
GAB-l associates with the insulin and EGF receptors through Grb2, GAB-l binds 
Met through a novel phosphotyrosine binding domain, which seems to be specific 
for the bidentate docking site in the carboxy-terminal tail of the Met receptor 
(WEIDNER et al. 1996). It is thus likely that the receptors for insulin, EGF, HGF 
and other growth factors may rely on seemingly redundant ways to activate sig
naling pathways. The HGFR, for example, can activate Ras by recruiting Grb2-
SoS directly, through the YVNV consensus, or indirectly, via Shc or GAB-I. It 
should be noted that a docking site seems to be necessary in all cases, since each of 
the three adaptors interacts with the receptor via a phosphotyrosine binding do
main (an SH2 for Grb2, a PTB domain for Shc, and the novel Met-binding domain 
for GAB-I). 

5 Phosphotyrosine-SH2 Interactions are Involved in Mediating 
Termination of Signaling 

So far, most of the work on recruitment of SH2-containing molecules by RTKs 
suggests a role in mediating the "activation" of signaling pathways. However, it is 
probable that such interactions are also involved in termination of receptor sig
naling. The existence of cytosolic protein tyrosine phosphatases containing SH2 
domains (reviewed by STREULI 1996) suggests that these molecules can be recruited 
by receptors as well, presumably to shut off their signal by dephosphorylation. 
However, the SHP-2 phosphatase and its Drosophila homolog Corkscrew (Csw, 
PERKINS et al. 1992) have been implicated in "positive" rather than "negative" 
signaling by RTKs. SHP-2 associates with several receptors and becomes phos
phorylated on a residue which is an optimal binding site for Grb2. Thus at least one 
of its functions seems to be that of working as an adaptor molecule to recruit Grb2 
to receptors (LI et al. 1994). Whether SHP-2 has any role as a phosphatase in signal 
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transduction is not clear. On the other hand, there is now strong evidence that 
SHP-1, which is mainly confined to hematopoietic tissues, works as a negative 
regulator of signaling by PTKs (IMBODEN and KORETSKY 1995). Recruitment of 
SHP-l to the erythropoietin (EPO) receptor, which is itself devoid of tyrosine 
kinase activity but is phosphorylated by the nonreceptor PTK JAK2, causes ter
mination of EPO-induced proliferative signals by de-phosphorylation and inacti
vation of JAK2 (KLINGMULLER et al. 1995). SHP-1 also associates with the Kit 
receptor in response to ligand stimulation (YI and IHLE 1993). Kit is encoded by the 
Dominant White Spotting (W) locus in the mouse, and SHP-l by the motheaten 
(me) gene. Both mutants are characterized by hematological defects. Homozygo
sity for mutations in both Wand me ameliorates aspects of both phenotypes, 
demonstrating that Kit plays a role in the pathology of the me phenotype and, 
conversely, that SHP-1 negatively regulates Kit signaling in vivo (PAULSON et al. 
1996). Furthermore, recent studies show that SHP-1 is involved in modulating B, T, 
and NK cell function by being recruited via phosphotyrosine-SH2 interactions by 
"inhibitory" immunoreceptors (reviewed in SCHARENBERG and KINET 1996). This 
has the effect of terminating in each of these cells signaling of PTK -associated 
"activating" immunoreceptors. Altogether these studies suggest that recruitment of 
SH2-containing protein tyrosine phosphatases by the R TKs themselves, or by as
sociated molecules, may prove to be a common mechanism for terminating their 
signaling. 

6 Loss of Docking Sites Impairs Development 

Most of the data supporting the current model of signal transduction by RTKs 
have been gathered by work done in cultured cells. Evidence validating this model 
in vivo came initially from simple organisms such as C. elegans and Drosophila. 
RTKs are involved in controlling many developmental events, both in lower and 
higher organisms. As mentioned previously, mutations in the SH2 domain ofSem-5 
that disrupt phosphotyrosine binding cause a vulvaless phenotype in C. elegans 
(CLARK et al. 1992). In the nematode the Let-23 RTK, besides being involved in 
vulval induction, also controls larval viability, hermaphrodite fertility, and the 
development of the male tail and posterior ectoderm. The carboxy-terminal tail of 
Let-23 contains several autophosphorylation sites, one of which is in the context of 
an optimal binding motif for the Sem-5 SH2 domain. The sy97 allele of Let-23 is 
due to a frame-shift mutation which causes the loss of the Sem-5 binding site 
(AROIAN et al. 1994). Sy97 homozygotes display severe phenotypes. They have very 
low viability, improper differentiation of the male tail, and are vulvaless. Inter
estingly, they retain fertility, showing that loss of the link with Sem-5 disrupts 
Let-23 function in some but not all cells. This indicates that the specific function 
served by the Let-23 receptor in different cell types may vary in terms of signaling 
requirements. 
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The importance of direct coupling with the Ras pathway has also been 
analyzed in vivo in Drosophila (RAABE et al. 1995, and this volume). In this case, a 
Tyr-Phe mutation of the Drk docking site was introduced in the cytoplasmic 
domain of the Sevenless (Sev) receptor, which controls the development of the R7 
precursor cells in the Drosophila ommatidium. The mutation did not completely 
block Sev function in vivo. Its effects became apparent only using a genetically 
sensitized system whereby small changes in the efficiency of signal transduction 
could be detected (RAABE et al. 1995). This result indicates that in R7 cells the 
signaling output coming from the Sev receptor lacking the Drk docking site is 
adequate to specify neural development. Subsequent studies have shown that Drk is 
still critical for signaling from this mutant receptor, just as are Ras, Dos (Daughter 
of sevenless, a multi adaptor protein homologous to Gab-I), and Csw (RAABE et al. 
1996). Both Dos and Csw interact with the mutant receptor and possess Drk 
binding sites. Thus Dos and Csw may, through Drk, provide an indirect link with 
the Ras pathway, explaining the redundancy of the Drk docking site in R7 cells. 

Given the technical feasibility of introducing point mutations in the mouse 
genome, similar analyses are currently being extended to various receptors known 
to be active during mouse development. The first such study, done on the HGF 
receptor, has graphically confirmed the importance of docking sites for receptor 
function in vivo (MAINA et al. 1996). A double Tyr-Phe mutation was introduced 
by the knock-in approach into the carboxy-terminal tail of the Met receptor, to 
eliminate the bidentate docking site responsible for mediating receptor signaling 
(PONZETIO et al. 1994). Homozygous mice carrying this mutant HGF receptor, 
which is fully competent in kinase activity but is unable to recruit its effectors, 
display a phenotype, lethal in midgestation, which essentially reproduces that of the 
corresponding knock-out (SCHMIDT et al 1995; UEHARA et al. 1995; BLADT et al. 
1995). In the absence ofHGF/Met signaling the placenta does not develop properly 
and the embryos begin to die at E13.5. In the liver, parenchymal cells do differ
entiate, but soon undergo massive apoptosis (F. Maina, unpublished). In these 
embryos there is also a complete lack of muscles deriving from migratory precur
sors, such as those of limbs, body walls, diaphragm, and tip of the tongue, while 
deep axial muscles seem to be normal. This phenotype, together with the comple
mentary pattern of expression of HGF mRNA (SONNENBERG et al. 1993), suggests 
that the function of HGF in the development of migratory muscles is that of 
mediating the detachment of Met-expressing myogenic cells from the somites and 
of guiding their migration to the appropriate final locations in the embryo. 

The same study also describes the effects of a point mutation selective for the 
loss of Grb-2 binding (YVNV ~ YVHV), which, in cultured cells was permissive for 
motility but not for transformation (PONZETIO et al. 1996). This mutation should 
not interfere with binding of any other effector (including Shc and Gab-I); thus it is 
functionally similar to the abrogation of the Grb2 docking site in the Sev receptor 
which was described above. In line with results obtained for Sev in the R 7 cells, this 
mutation does not completely block Met function in homozygous mouse embryos, 
which in fact develop to birth with normal placenta and liver. However, the mu
tation does interfere with muscle development. Appendicular and diaphragm 
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muscles are strongly reduced in these mutants, which die perina tally of respiratory 
failure. Muscle cell progenitors seem not to be impaired in their ability to detach 
from the somite and to start their migration into the limb bud. They rather seem to 
manifest a partial survival or proliferative defect while on route, or upon arrival at 
their site of destination. In these mutants, deep axial muscles are normal up to mid
gestation, but later on, during secondary myogenesis, they too develop a defect. In 
fact the proliferation of fetal myoblasts, which are the precursors of secondary 
fibers, is reduced in the absence of Met signaling. This proliferative defect could not 
be seen in the severe mutants which, like the knock-outs, die at an earlier stage. The 
fact that uncoupling Met from Grb2 has different consequences depending on the 
cell type suggests that the HGF/Met pair fulfills distinct roles in placenta and liver 
(survival?) and in myogenic cells (survival, proliferation, and motility). 

Based on the cell-type-specific behavior of mutations in the Let-23 gene in 
C. elegans, it was hypothesized that cell-specific action may be a general feature of 
RTKs, and that by site-specific mutagenesis it might be possible to alter and/or 
target their function in a cell-specific fashion also in vertebrates (AROIAN et al. 
1994). The mice expressing the Met signaling mutants demonstrate that this is 
indeed feasible. It will be particularly appropriate to use this approach when the 
knock-out of a receptor gene yields a lethal phenotype. Introduction of partial loss
of-function mutations will result in a milder phenotype, more informative of the 
full spectrum of the receptor physiological roles. The opportunity of manipulating 
signaling pathways in vivo and thus of studying signal transduction in the whole 
organism (rather than at the cellular level) will most likely prompt the generation of 
a number of interesting murine models in the near future. These studies could well 
bring signal transduction to new heights in molecular medicine, both from a di
agnostic and a therapeutic perspective. 
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The integration of multiple transmembrane signals is especially important during 
development and maintenance of the nervous system, communication between cells 
of the immune system, evolution of transformed cells, and metabolic control 
(HUNTER 1997). Tyrosine phosphorylation plays a key role in many of these pro
cesses by directly controlling the activity of receptors or enzymes at early steps in 
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Fig. 1. IRS protein family members. Linear depiction of IRS-I, 2, Gab-I, p62dok, and sin showing 
receptor interaction domains and tyrosine phosphorylation motifs. PH, pleckstrin homology domain; 
PTB, phosphotyrosine binding domain; KRLB, kinase regulatory loop binding domain; MBD, c-Met 
binding domain; SH3, src-homology-3 domain; Pro, proline-rich domain 
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signaling cascades, or by the assembly of mUlticomponent signaling complexes 
around activated receptors or their cellular substrates (PAWSON 1995). In most if 
not all cases, initialization of the signaling cascade controlled by growth factor and 
cytokine receptors originates with multisite tyrosine phosphorylation catalyzed 
directly by kinases activated during ligand-induced dimerization of specific mem
brane receptors (SCHLESSINGER 1988; HELDING 1995). In many cases, tyrosine au
tophosphorylation sites in activated receptors directly bind signaling proteins 
containing Src homology-2 domains (SH2 proteins). In other cases, tyrosine au
tophosphorylation increases the activity of the receptor kinase, which mediates 
tyrosine phosphorylation of cytosolic substrates or docking proteins that recruit 
SH2 proteins into multipotential signaling complexes (MYERS and WHITE 1995). 
The network is further elaborated through other modules which mediate protein
protein or protein-lipid interactions, including PTB, PDZ, SH3, WW, and PH 
domains. 

This review focuses on a growing family of proteins that link receptor tyrosine 
kinases to downstream signaling molecules. These docking proteins provide a 
common interface between multiple receptor complexes and various signaling 
proteins with Src homology 2 domains. The insulin receptor substrate, IRS-I, was 
the first docking protein identified in mammalian systems, and serves as the pro
totype for this class of molecules (SUN et al. 1991). Three proteins related to IRS-l 
include IRS-2, Gab-l and p62dok (SUN et al. 1995; HOLGADO-MADRUGA et al. 1996; 
YAMANASHI and BALTIMORE 1997) (Fig. 1); a 60-kDa insulin receptor substrate in 
adipocytes which binds strongly to the PI-3 kinase has recently joined this family 
(LAVAN et al. 1997). These docking proteins are not related by extensive amino acid 
sequence identities, but are related functionally as insulin receptor substrates (IRS 
proteins). They contain several common structures, including an NHrterminal PH 
and/or PTB domain that mediates protein-lipid or protein-protein interactions; 
multiple COOH-terminal tyrosine residues that create SH2-protein binding sites; 
proline-rich regions to engage SH3 or WW domains; and serine/threonine-rich 
regions which may regulate overall function through other protein-protein inter
actions (Fig. 1). 

Other classes of docking proteins include Shc, p130cas and sin (Fig. 1). Like 
IRS proteins, these are composed of protein-protein interaction domains and 
multiple tyrosine phosphorylation sites. Shc was one of the first docking proteins 
identified (PELLICI et al. 1992). It is composed of an NHz-terminal PTB domain, a 
COOH-terminal SH2 domain, a proline-rich motif and a few tyrosine phosphor
ylation sites which engage Grb-2. Together, the PTB domain and the SH2 domain 
provide Shc with considerable promiscuity during its interactions with activated 
receptors; the PTB domain mediates the interaction with the insulin receptor, 
whereas the SH2 domain binds to the activated EGF receptor (VAN DER GEER et al. 
1996; ISAKOFF et al. 1996). p 130cas and sin were recognized recently as activators 
and substrates of pp60src (SAKAI et al. 1994; ALEXANDROPOULOS and BALTIMORE 
1996). They are composed of an SH3 domain that binds to Src and other elements 
of the cytoskeleton and a tail of tyrosine phosphorylation sites that bind to various 
SH2 proteins (SAKAI et al. 1994; ALEXANDOPOULOS and BALTIMORE 1996). p130cas 
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and sin have not been found to be substrates for the insulin receptor, probably 
owing to the absence of the required coupling modules; however, indirect coupling 
through adapter proteins may occur allowing access to the insulin receptor. 

2 Identification of IRS Proteins 

2.1 Identification of IRS-1 and IRS-2 

Insulin stimulates tyrosine phosphorylation of a 185-kDa phosphoprotein in all 
insulin-sensitive tissues and cells. This protein, originally called pp185, provided the 
earliest support for the idea that insulin signals are mediated through tyrosine 
phosphorylation of a cytoplasmic docking protein (WHITE et al. 1985). Using im
mobilized antiphosphotyrosine antibodies, sufficient protein was purified from rat 
liver extracts to obtain partial amino acid sequence to design optimized oligonu
cleotides for cDNA cloning (SUN et al. 1991; ROTHENBERG et al. 1991). The first 
cloned insulin receptor substrate, IRS-I, is encoded by a single gene on human 
chromosome 2q36-37 (mouse chromosome 1) and has a calculated molecular mass 
of 132 kDa (SUN et al. 1991; ARAKI et al. 1994). 

A related protein (IRS-2) was immediately predicted because specific anti
bodies against IRS-1 bound rather weakly to pp185 in hepatoma cells, and the 
unreactive protein was called pp185HMW because it is migrated at a slightly higher 
molecular weight during SDS-PAGE (MIRALPEIX et al. 1992). Subsequent findings 
revealed a similar size protein in myeloid progenitor cells (the IL-4 receptor sub
strate, 4PS), and in hepatocytes and skeletal muscle from the mice lacking IRS-1 
(ppI90) (SUN et al. 1995; TOBE et al. 1995). The purification and cloning of 4PS 
from FDC-P2 cells revealed a protein similar to IRS-I, and immunologically iden
tical to pp185HMW and pp190; the cloned protein was called IRS-2 (SUN et al. 
1995). The IRS-2 gene resides on the short arm of mouse chromosome 8 near the 
insulin receptor gene (SUN et al. 1997). 

A comparison of the amino acid sequences of IRS-1 and IRS-2 reveals several 
common features, including a well conserved pleckstrin homology (PH) domain at 
the extreme NH2-terminus, followed immediately by a phosphotyrosine binding 
(PTB) domain that binds to phosphorylated NPXY-motifs (Fig. I). However, the 
COOH-terminal regions of IRS-1 and IRS-2 are rather poorly conserved, dis
playing only 35% identity overall. Several tyrosine phosphorylation sites in IRS-2 
align with similar motifs in IRS-I, and in a few cases the motifs are nearly identical. 
By contrast, half of the motifs display unique acidic or hydrophobic residues which 
may alter their interaction with upstream kinases or downstream SH2 proteins. 
IRS-I binds several SH2 proteins, including p85, Grb-2, SHP2, nck, crk, fyn and 
others (MYERS et al. 1994; SKOLNIK et al. 1993b; SUN et al. 1996; KUHNE et al. 1993; 
BEITNER-JOHNSON et al. 1996; LEE et al. 1993). The comparative association of 
IRS-1 and IRS-2 with various SH2-domains suggests overlapping and distinct 
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signaling potential (SUN et al. 1997). Interestingly, immortalized fibroblasts lacking 
IRS-l while overexpressing IRS-2 do not display normal insulin signaling, sug
gesting that these docking proteins are functionally distinctly identical (BRUNING 
et al. 1997). 

2.2 Small IRS Proteins: Gab-I, DOS and p62DOK 

Recently, two additional proteins with limited amino acid sequence identity have 
been identified that are functionally similar to IRS-l and IRS-2 (Fig. 1). One of 
them, Gab-I, occurs in mammalian tissues and was cloned by expression screening 
with a Grb-2 probe (HOLGADO-MADRUGA et al. 1996). In common with IRS-l and 
IRS-2, Gab-l contains a similar NH2-terminal PH domain followed immediately 
by a short COOH-terminal tail with multiple tyrosine phosphorylation sites, in
cluding motifs that bind PI-3 kinase (Fig. 1). Unlike IRS-l and IRS-2, there is no 
intervening PTB domain in Gab-I, which apparently diminishes the coupling af
finity with the insulin receptor (HOLGADO-MADRUGA et al. 1996). Thus signals 
mediated by Gab-l during insulin stimulation may occur only at relatively high 
insulin concentrations. 

Drosophila contains a docking protein called DOS, which is similar to Gab-I 
(RAABE et al. 1996). It was identified by screening for mutations that suppress 
retinal development by a constitutively activated sevenless receptor protein tyrosine 
kinase (SEV). The presence of an NHrterminal pleckstrin homology domain with 
considerable similarity to that in mammalian IRS protein suggests that it may 
mediate signals from the activated Drosophila insulin/IGF-l receptor, but this has 
not been reported. Like Gab-I, DOS contains many potential tyrosine phosphor
ylation sites that can bind SH2 proteins. Genetic analysis demonstrates that DOS 
functions upstream of Rasl and defines a signaling pathway that is independent of 
direct binding of the DRK (Dro homologue of Grb-2) to the SEV receptor tyrosine 
kinase (HERBST et al. 1996). 

Two other small docking proteins phosphorylated by the insulin receptor 
substrates have been identified in various mammalian cells and tissues, including a 
62-kDa protein that binds rasGAP (originally called p62rasGAP) and a 60-kDa 
protein that binds PI-3 kinase (pp60) (HOSOMI et al. 1994; OGAWA et al. 1994; 
KAPLAN et al. 1990; ELLIS et al. 1990; ROTH et al. 1992). The p62rasGAP is a common 
target of several protein-tyrosine kinases, including v-Abl, v-Src, v-Fps, v-Fms, and 
activated receptors for IGF-l, EGF, csf-l as well as the insulin receptor 
(YAMANAsHI and BALTIMORE 1997). Recently, a substrate for bcr-abl that binds to 
ras-Gap was purified and cloned (Y AMANASHI and BALTIMORE 1997; CARPINO et al. 
1997). This protein, called p62dok, reacts with monoclonal antibodies raised against 
p62rasGAP, suggesting they are identical (YAMANASHI and BALTIMORE 1997). The 
p62dok contains a recognizable PH domain at its NH2-terminus that is distantly 
similar to the PH domain in IRS-I, IRS-2 and Gab-l (Fig. I). p62dok may contain a 
PTB domain but it contains little amino acid sequence similarity to IRS-I; however, 
two conserved arginine residues appear to be correctly positioned to bind 



184 M.F. White and L. Yenush 

phosphotyrosine, by comparison to the PTB domain of IRS-l (ECK et al. 1996a). 
The COOH-terminus of p62dok contains multiple tyrosine phosphorylation sites in 
motifs that recognize various SH2 proteins. Interestingly, none of the phosphory
lation sites are predicted to bind PI-3 kinase (Fig. 1). 

In rat adipocytes a 60-kDa insulin receptor substrate (pp60) is especially 
sensitive to insulin stimulation (MONOMURA et al. 1988; THIES et al. 1990). In 
adipocytes lacking IRS-I, pp60 is the predominant insulin receptor substrate as 
IRS-2 is not enhanced (SMITH-HALL et al. 1997). It binds strongly to SH2 domains 
in p85, suggesting that it contains phosphorylated YXXM-motifs; it also binds to 
immobilized peptides containing phosphorylated NPXY-motifs, suggesting that it 
contains a phospho tyrosine binding domain. We propose the name pp60IRS3 to 
reflect these functional similarities to IRS-l and IRS-2 (SMITH-HALL et al. 1997). 
The recent cloning of pp60IRS3 reveals a new small member of the IRS protein 
family, which may play an important role during insulin-stimulated glucose uptake 
(LAVAN et al. 1997). 

2.3 IRS Proteins Coordinate a Diverse and Flexible Signaling System 

What signaling advantages could the IRS proteins provide? First, IRS proteins 
provide a means for signal amplification by eliminating the stoichiometric con
straints encountered by receptors which directly recruit SH2 proteins to their au
tophosphorylation sites. For example, the activated PDGF receptor assembles SH2 
proteins around its autophosphorylation sites, so the intensity of these signals is 
restricted by the number of receptors in the plasma membrane. By contrast, ty
rosine phosphorylation of IRS proteins is catalytic, since transient but specific 
formation of the enzyme/substrate complex facilitates phosphorylation of multiple 
proteins. 

Second, IRS proteins dissociate the intracellular signaling complex from the 
endocytic pathways of the activated receptor. During ligand binding, receptors 
typically undergo internalization. The exact mechanism and fate of each receptor is 
cell context and receptor dependent, but, in general, the activated receptors migrate 
into clatherin-coated vesicles which form endosomes that are acidified and either 
return the receptor to the plasma membranes or targeted to lysosomes for degra
dation (BACKER et al. 1992c). Signaling proteins associated with receptors are 
presumably obligated to follow the intracellular itinerary of the receptor. By con
trast, IRS proteins associate transiently with activated receptors and then migrate 
to other cellular compartments or are targeted by associated partners. Itinerant 
docking proteins may be essential for various biological effects, such as insulin
stimulated translocation of GLUT-4 in adipocytes, or neurite formation in differ
entiating neurons. 

Third, the ability of a single receptor to engage multiple IRS proteins expands 
the repertoire of regulated signaling pathways. During insulin stimulation, IRS-I, 
IRS-2, Gab-l and p62dok are all potential substrates of the activated receptor. Each 
substrate will be engaged by the receptor with certain characteristics and possess 
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common and unique tyrosine phosphorylation motifs. Moreover, the presence of 
unique phosphorylation sites on distinctly targeted substrates provides a broader 
capacity to regulate multiple cellular responses. Similarly, during IL4 signaling 
IRS-2 mediates signals controlling cellular growth, whereas IL-4-specific gene ex
pression is largely regulated by a direct association between ST A T6 and the IL-4 
receptor (RYAN et al. 1996). 

Finally, the shared use of docking proteins by multiple receptors integrates 
diverse signals into a coordinated cellular response. In addition to the insulin and 
IGF-l receptors, IRS proteins are phosphorylated by the receptors for growth 
hormone and prolactin (UDDIN et al. 1995; PLATANIAS et al. 1996; ARGETSINGER 
et al. 1996; BERLANGA et al. 1997), several interleukins (lL-2, IL-4, IL-9, IL-13 and 
IL-15) (BEITNER-JOHNSON et al. 1996; CHEN et al. 1997; JOHNSON et al. 1995), 
interferons (lFN(X/~ and IFNy) (UDDIN et al. 1995; PLATANIAS et al. 1996), mem
bers of the IL-6 receptor family (ARGETSINGER et al. 1996), and the angiotensin 
receptor (VELLOSO et al. 1996). Similarly, Gab-l is a substrate for the insulin re
ceptor, the hepatocyte growth factor receptor (c-Met) and the EGF receptor; 
p62dok is a target for v-Abl, v-Src, v-Fps, v-Fms and the receptors for insulin, 
IGF-l, EGF, PDGF, CSF-l and VEGF (YAMANASHI and BALTIMORE 1997). Thus, 
docking proteins provide a common interface to integrate signals from a variety of 
activated tyrosine kinases involved in metabolic and growth control. 

3 Coupling Mechanisms Between IRS Proteins 
and Activated Receptors 

3.1 Introduction 

Separation of the docking proteins (IRS proteins) from the activated receptors 
creates a necessity for kinase/substrate coupling. Specific interactions are essential, 
but these must be transient to allow the receptor to engage multiple molecules to 
amplify and diversify the signal. These requirements probably exclude SH2 domain 
interactions, as these tend to be too strong and stoichiometric, which could di
minish the catalytic turnover. Several solutions appear to be employed by the IRS 
proteins. A pleckstrin homology (PH) domain provides one of the interaction 
domains found at the NH2-terminus of all IRS proteins; however, the exact 
mechanism for coupling is unknown. A second means for receptor coupling is 
provided by the phospho tyrosine binding (PTB) domain. This domain binds spe
cifically but weakly to the phosphorylated NPXY-motifs located in the receptors 
for insulin, IGF-l and IL-4 (KEEGAN et al. 1994). However, all receptors which 
engage the IRS protein do not contain NPXY motifs, so the PTB domain may not 
be universally employed. In these latter cases, the PH domain must be adequate or 
other modules may contribute (SAWKA-VERHELLE et al. 1996; HE et al. 1996). 
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Together these interaction domains provide specific mechanisms for receptor sub
strate coupling. 

3.2 PTB Domains Bind Phosphorylated NPXY Motifs 

A role for the NPXY 960 motif in the juxtamembrane region of the insulin receptor 
for substrate recognition was proposed 10 years ago, because mutations at this 
motif diminish tyrosine phosphorylation of IRS-l while simultaneously reducing 
the biological activity of insulin (SUN et al. 1991; WHITE et al. 1988). These results 
lead to the hypothesis that the NPXY motif in the insulin receptor mediates sub
strate recognition (WHITE et al. 1988). This idea was later extended to the IGF-l 
and IL-4 receptors (KEEGAN et al. 1994; YAMASAKI et al. 1992). Alignment of the 
cytoplasmic regions of the IL-4 receptor with the juxtamembrane region of the 
insulin and IGF-l receptors reveals a conserved motif (LxxxxNPxYxSxP), that 
mediates the interaction with IRS-l (KEEGAN et al. 1994). 

Phosphorylated NPXY motifs are now known to bind on the surface of 
phospho tyrosine binding (PTB) domains. PTB domains are regions of 100-150 
residues that were first identified at the NHz-terminus of Shc (VAN DER GEER et al. 
1996; KAVANAUGH et al. 1955). Similar domains are found in IRS-l and IRS-2, 
which provide one of the mechanisms for coupling to the activated insulin or IGF-l 
receptors, and the IL-4 receptor (SUN et al. 1995; YEANUSH et al. 1996). A similar 
PTB domain may also exist in p62dok, whereas Gab-l does not appear to contain a 
PTB domain (HOLGADO-MADRUGA et al. 1996; YAMANASHI and BALTIMORE 1997). 
Although PTB domains bind phospho tyrosine they are not SH2 domains, but 
structurally resemble PH domains (LEMMON et al. 1996; HARRISON 1996). In vitro, 
recombinant PTB domains of IRS-lor Shc bind directly to activated insulin re
ceptors, as well as phosphopeptides containing NPXY motifs (YENUSH et al. 1996; 
WOLF et al. 1995). The binding selectivity of the PTB domain in IRSl/IRS2 and 
Shc is different, owing largely to the interaction of residues located on the NHz
terminal side of the NPXY motif. A structural basis for this binding selectivity has 
been proposed (ECK et al. 1996a; HARRISON 1996; ZHOU et al. 1995, 1996). 

3.3 The PH Domain 

Pleckstrin homology (PH) domains were originally identified in pleckstrin, but are 
now known to occur in many signaling proteins and display a broad array of ligand 
binding selectivity (HASLAM et al. 1993; GIBSON et al. 1994). However, detailed 
structural determinations of the PH domains from ~G-spectrin, pleckstrin, dy
namin, PLCy and others reveal a highly conserved tertiary structure; each domain is 
composed of two antiparallel ~-sheets forming a sandwich, with one corner covered 
by an amphipathic COOH-terminal ex-helix (LEMMON et al. 1996). The discovery 
that PTB domains are structurally identical emphasized that amino acid sequence 
does not predict the existence of a PH domain (ECK et al. 1996a). However, PTB 
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domains contain an L-shaped cleft that is absent in most PH domains to provide a 
point of contact with the phosphorylated NPXY motif (HARRISON 1996). 

PH domains bind to a variety of ligands. For example, the PH domain in the 
~-adrenergic receptor kinase (park) interacts with ~y-subunits of an activated 
trimeric G-protein, providing a point for recruitment to the ~-adrenergic receptor 
complex (LUTTRELL et al. 1995). Furthermore, the PH domain in PKB, a serine 
kinase activated downstream of the PI-3 kinase, is important for its recruitment to 
the plasma membrane (HEMMINGS 1997). Although the specific ligand for each PH 
domain is difficult to predict, they clearly play important roles during assembly of 
signaling complexes at membrane surfaces. 

The NHz-terminal PH domain is essential for coupling the insulin receptor to 
IRS-1 and this is probably true for IRS-2 and Gab-1 since their PH domains are 
62% similar; the PH domain in p62dok is relatively distinct and may interact with a 
different target. Without the PH domain, IRS-1 is poorly tyrosine phosphorylated 
during insulin stimulation, especially at low receptor expression encountered in 
ordinary cells (YENuSH et al. 1996; MYERS et al. 1995). By contrast, the PH domain 
is sufficient in IRS-1 without the PTB domain, although the efficiency of the in
teraction is diminished (YENUSH et al. 1996). At high levels of insulin receptor, 
either the PH domain or the PTB domain is adequate to couple the insulin receptor 
to IRS-1 (YENUSH et al. 1996; MYERS et al. 1995). Thus, PH and PTB domain 
appear to function independently and through distinct ligand interactions. 

The ligand which binds to the PH domain in the IRS proteins is not known. 
Since the PH domains from IRS-2 or Gab-1 are fully functional when substituted 
into IRS-I, they probably have similar binding specificity (D. Burks et aI., un
published results). Moreover, PH domains from unrelated proteins do not substi
tute for the endogenous PH domain in IRS-I, further supporting the specificity of 
this module. Since the insulin receptor does not interact directly with the PH do
main, other membrane associated elements may act as the interface (O'NEILL et al. 
1994; GUSTAFSON et al. 1995; CRAPARO et al. 1995). Membrane proteins or specific 
phospholipids preferentially located near activated insulin receptors are ideal 
candidates, but their identities are unknown. 

3.4 Novel Phosphotyrosine Binding Domains in IRS-2 and Gab-l 

Recently, yeast two hybrid analysis revealed novel phospho tyrosine interaction 
domains in both IRS-2 and Gab-1 (SAWKA-VERHELLE et al. 1996; HE et al. 1996). 
Unlike PH and PTB domains, the binding modules reside in the tyrosine-rich tails. 
In IRS-2, a region between residues 591 and 786 binds to the phosphorylated 
regulatory loop of the ~-subunit of the insulin receptor (SAWKA-VERHELLE et al. 
1996; HE et al. 1996). This kinase regulatory loop binding (KRLB) domain only 
binds to activated insulin receptors and requires the presence of all three tyrosine 
phosphorylation sites in the regulatory loop (SAWKA-VERHELLE et al. 1996). The 
exact nature of the KRLB domain is not known, but the Tris-phosphorylated 
regulatory loop may constitute an important binding site. Although phosphory-
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lation of the regulatory loop may expose another receptor region which mediates 
the interaction, recent experiments show that a synthetic phospho peptide with the 
sequence of the insulin receptor regulatory loop binds directly to the KRLB do
main (SAWKA-VERHELLE et al. 1997). A region with similar binding specificity has 
not been detected in IRS-I, highlighting an important functional difference between 
these related proteins. This distinction may be important during substrate dis
crimination. Since trisphosphorylation of the regulatory loop fully activates the 
kinase, the KRLB domain could serve to preferentially localize IRS-2 with the most 
active receptors. Alternatively, IRS-2 may be less reliant on the interaction between 
the NPXY motif and the PTB domain, or a functional PH domain. Finally, two 
points of attachment between IRS-l and the insulin receptor may reduce the de
grees of freedom in the complex and restrict access to the available phosphorylation 
sites. 

Using a similar approach, Gab-1 was found to bind to the c-Met receptor 
through a novel phosphotyrosine binding domain called the c-Met binding domain 
(MBD). The MBD occurs between residues 450 and 532 of Gab-l and binds to 
autophosphorylation sites in the COOH-terminus of c-Met (WEIDNER et al. 1996). 
This interaction is blocked by a 24 residue synthetic phosphopeptide based on the 
sequence around these phosphorylation sites. By contrast, the MBD did not bind to 
TrkA, c-Ros, c-Neu, the insulin receptor or several other tyrosine kinases 
(WEIDNER et al. 1996). These results suggest that different kinases may engage 
docking protein differently to assemble unique signaling complexes with specific 
signaling potential. 

4 Downstream Elements Engaged by IRS Proteins 

4.1 IRS Proteins Activate PI-3 Kinase 

One of the major mechanisms used by IRS proteins to generate downstream signals 
is the direct binding to the SH2 domains of various signaling proteins. Several 
enzymes and adapter proteins have been identified which associate with IRS-I, 
including PI-3 kinase, SHP2, Fyn, Grb-2, nck, and Crk (MYERS et al. 1994; 
SKOLNIK et al. 1993b; SUN et al. 1996; KUHNE et al. 1993; BEITNER-JOHNSON et al. 
1996; LEE et al. 1993); other partners associate through unknown mechanisms 
which do not depend on tyrosine phosphorylation, including SV40 large T antigen, 
14-3-3 and Clv i33 (VUORI and RUOSLAHTI 1994; FEI et al. 1995; CRAPARO et al. 1997). 

PI-3 kinase is the best studied signaling molecule activated by IRS-I. It plays 
an important role in the regulation of a broad array of biological responses by 
various hormones, growth factors and cytokines, including mitogenesis (V ALIUS 
and KAZLAUSKAS 1993; YAO and COOPER 1995), differentiation (KIMURA et al. 
1994), chemotaxis (KUNDRA et al. 1994; OKADA et al. 1994), membrane ruffling 
(WENNSTROM et al. 1994), and insulin-stimulated glucose transport (OKADA et al. 
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1994). Moreover, PI-3 kinase activity is required for neurite extension and inhibi
tion of apoptosis in PC12 cells (Y AO and COOPER 1995) and cerebellar neurons 
(DUDEK et al. 1997), suggesting that it plays an important role in neuronal survival. 

PI-3 kinase was originally identified as a dimer composed of a llO-kDa cat
alytic subunit (pllOQ( or pllO~) associated with an 85-kDa regulatory subunit 
(p85Q( or p85~). During a search for new SH2 proteins that bind to IRS-I, we 
cloned a smaller regulatory subunit that occurs predominantly in brain and testis, 
called p55P1K (Fig. 2). The COOH-terminal portion of p55P1K is similar to p85, 
including a proline-rich motif, two SH2 domains, and a consensus binding motif 
for plIO (DHAND et al. 1994). However, p55P1K contains a unique 30-residue NHT 
terminus which replaces the Src homology-3 (SH3) domain and the Bcr-homology 
region found in p85 (PONS et al. 1995). Like p85, p55P1K associates with tyrosine 
phosphorylated IRS-I, and this association activates the PI-3 kinase (PONS et al. 
1995). Two other small regulatory subunits (p55Q( and p50Q() are encoded by al
ternative splicing of the p85Q( gene (ANTONETII et al. 1996; INUKAI et al. 1996; 
FRUMAN et al. 1996). These various regulatory subunits confer considerable variety 
to PI-3 kinase. 

PI-3 kinase plays an important role in many insulin-regulated metabolic pro
cesses, including glucose uptake, general and growth-specific protein synthesis, and 

pSSPIK 
75% 

pSSU SH2 
100% 

p50U SH2 

100'10 

p8SU SH2 

75'10 80'10 

p85P SH2 SH2 

Fig. 2. PI-3 kinase regulatory subunits. The five regulatory subunits of PI-3 kinase are pictured, high
lighting the common and unique structural features. Pro, proline-rich region; NH2, amino-terminal re
gions; Ea, Bcr-homology region. Percentages refer to the percentage identity relative to p85cr 
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glycogen synthesis. Binding of the SH2 domain in p85 to phosphorylated YMXM 
motifs in IRS-l activates the associated catalytic domain, and this is maximal when 
both of the SH2 domains are occupied (BACKER et al. 1992b). Double occupancy is 
easily accomplished when both YMXM motifs are located within the same peptide, 
suggesting that the second binding event occurs more readily through an intra
molecular reaction (RORDORF-NIKOLIC et al. 1995). Since IRS-l and IRS-2 con
tain about nine YMXM-motifs, they are ideal docking proteins to activate PI-3 
kinase. This is the major mechanism used by insulin to activate PI-3 kinase in 32D 
cells, where the experiment can be conducted in a background without IRS 
proteins. 
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Based on the results of various inhibitor studies, several enzymes appear to 
carry the signal initiated by PI-3 kinase activation to its final destinations (Fig. 3). 
The p70S6k, PKB, PKC( and others are thought to be downstream of PI-3 kinase 
(MYERS et al. 1996; FRANKE et al. 1995; DIAZ-MECO et al. 1994). The regulation of 
PKB is complex, involving occupancy of its PH domain and serine/threonine 
phosphorylation (ALESSI et al. 1996). PKB and PKC( are implicated in various 
biological responses, induding translocation of GLUT4 to the plasma membrane, 
general and growth-regulated protein synthesis, and glycogen synthesis (HEMMINGS 
1997; ALESSI et al. 1996; CROSS et al. 1996; BANDYOPADHYAY et al. 1997). More
over, activation of PI-3 kinase and its downstream partners is important for sur
vival and differentiation of neurons (see below). 

4.2 IRS-l Activates SHP2 

SHP2 is a phospho tyrosine phosphatase with two SH2 domains that is expressed in 
most mammalian cells (FREEMAN et al. 1992). Several growth factor receptors, 
induding the EGFr, the PDGFr, and c-kit bind specifically to the SH2 domains in 
SHP2 (FENG et al. 1993; LECHLEIDER et al. 1993a, b; TAUCHI et al. 1994); a ho
mologue in Drosophila, csw, mediates signals from the PDGF receptor homologue, 
torso (PERKINS et al. 1992). During insulin stimulation, SHP2 binds to two tyrosine 
residues at the extreme COOH-terminus of IRS-l (KUHNE et al. 1993; ECK et al. 
1996b); it also binds to phosphorylated Tyr1l46 in the regulatory loop of the insulin 
receptor (KHARITONENKOV et al. 1995). In addition, SHP2 associates with a 
115-kDa protein during insulin stimulation (ECK et al. 1996b). This protein is 
located in the plasma membrane, contains YXX(L/VI) motifs and may be a direct 
substrate for the insulin receptor and other tyrosine kinase receptors (Y AMAO et al. 
1997). The association of SHP2 with various docking protein may serve to localize 
this phosphatase in various subcellular regions where it modulates distinct signaling 
pathways. 

Several reports suggest that SHP2 mediates downstream signals from the in
sulin receptor, since a catalytically inactive mutant inhibits insulin-stimulated MAP 
kinase and c-fos transcription in intact cells (YAMAUCHI et al. 1995; NOGUCHI et al. 
1994; SASAOKA et al. 1994). This dominant negative effect is partially reversed by 
co-expression of v-ras or Grb2, indicating that SHP2 may act upstream of Ras, 
possibly as an adapter protein (NOGUCHI et al. 1994). Alternatively, SHP2 may 
diminish the tyrosine phosphorylation of IRS-I, providing a mechanism to atten
uate certain signals. This hypothesis is supported by recent findings that reduced 
levels of SHP2 in mice increase IRS-l tyrosine phosphorylation and its associated 
PI-3 kinase activity during insulin stimulation (ARRAN DALE et al. 1996). Consistent 
with this, expression in 32D cells of mutant IRS-1 lacking the SHP2 binding motifs 
increases IRS-l tyrosine phosphorylation and associated PI-3 kinase activity, re
sulting in twofold enhanced insulin-stimulated [32S]methionine-incorporation 
(MENDEZ et al. 1996). Thus, SHP2 may be essential to balance the converging and 
opposing signals essential for insulin and cytokine action. 
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4.3 IRS Proteins Engage Multiple Adapter Molecules 

In addition to PI-3 kinase and SHP2, tyrosine phosphorylated motifs in the IRS 
proteins bind to the SH2-domains in several small adapter proteins, including 
Grb-2, nck and crk (SKOLNIK et al. 1993b; BEITNER-JOHNSON et al. 1996; LEE et al. 
1993). In addition to SH2 domains, these proteins contain multiple SH3 domains 
that bind various downstream signaling molecules that regulate metabolism, 
growth and differentiation (PAWSON 1995; SCHLESSINGER 1993) (Fig. 4). Flanking 
its SH2 domain, Grb-2 contains two SH3-domains that associate constitutively 
mSOS, a guanine nucleotide exchange protein that stimulates GDPjGTP exchange 
on p21 ras (SKOLNIK et al. 1993a, b; GALE et al. 1993). The recruitment by growth 
factor receptors of Grb2jmSos to membranes containing p21 ras is one of the 
mechanisms employed to activate the MAP kinase cascade (SCHLESSINGER 1993). In 
addition to mSOS, Grb-2 associates with other proteins such as dynamin (ANDO 
et al. 1994). Dynamin is a GPTase that plays a critical role in the earliest stages of 
endocytosis, which may contribute to the internalization of membrane proteins 
during insulin stimulation (SHPETNER et al. 1996). 

During insulin stimulation, Grb-2 engages IRS-I, IRS-2, Shc or SHP2, al
though the preferred interactions depend on the cell background. For example, in 
skeletal muscle IRS-l is the dominant GRB2 binding protein (YAMAuCHI et al. 

IRS-Proteins 

CK-1 PAK-1 

PRK2 SAM68 DOCK180 C3G 

ras 

Fig. 4. Signaling pathways potentially mediated by IRS-binding adapter proteins. Nck, Crk, and Grb-2 
and their interacting proteins are shown. The physiological relevance of some of these interactions is still 
being defined. IRS proteins regulate some, but probably not ail, of the pathways shown here 
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1996). Thus, mice lacking IRS-l display an 80% reduction in insulin-stimulated 
MAP kinase even though Shc phosphorylation is normal (YAMAUCHI et al. 1996). 
Apparently, Grb2 binds poorly to Shc in this background. By contrast, Shc plays a 
major role during insulin stimulation of MAP kinase in cultured cells, and in many 
systems Shc is believed to the major Grb2/Sos activator during insulin stimulation 
(MYERS et al. 1994; SKOLNIK et al. 1993b). 

Although the MAP kinase cascade is a well documented insulin signaling 
pathway, it is not very sensitive to insulin. First, the Grb-2 binding site (Tyr89s) in 
IRS-l is weakly phosphorylated, requiring relatively high insulin receptor expres
sion; similarly, insulin-stimulated Shc tyrosine phosphorylation requires a strong 
insulin signal, usually achieved by overexpression of the insulin receptor (MYERS 
et al. 1994). In 32D myeloid cells, which express few insulin receptors and no 
murine IRS proteins, ectopic expression of IRS-l alone is insufficient to stimulated 
Grb-2 binding, even though IRS-l becomes tyrosine phosphorylated and bound to 
p85 (MYERS et al. 1994). By contrast, overexpression of the insulin receptor alone 
mediates insulin-stimulated MAP kinase activation without IRS proteins, appar
ently through tyrosine phosphorylation of endogenous Shc (MYERS et al. 1994). 
Thus low insulin receptor levels are sufficient to mediate IRS-l phosphorylation, 
but only on a few sites that activate PI-3 kinase. By contrast, Grb-2 binding to 
IRS-l occurs at high receptor levels. Since insulin-stimulated tyrosine phosphory
lation of Shc also requires relatively high receptor levels, Grb2/Sos activation is 
generally insensitive during insulin stimulation. 

Two other small SH2/SH3 adapter proteins, nck and crk, bind to tyrosine 
phosphorylated IRS-I. Nck is a 47-kDa adapter protein composed of three SH3 
domains and a single SH2 domain; crk contains two SH3 domains and a single SH2 
domain (PAWSON 1995). These adapter proteins bind through their SH3 domains to 
a variety of signaling proteins, and are targeted to specific subcellular locations by 
tyrosine phosphorylated membrane receptors or docking proteins (Fig. 4). 

4.4 Phosphotyrosine-Independent Partners for IRS-l 

The role of Ca2 + and calmodulin in modulating the insulin signal has been im
plicated by various studies, but the mechanisms remain obscure. Recently, it was 
observed that IRS-l co-immunoprecipitates with calmodulin from lysates of Chi
nese hamster ovary cells expressing IRS-l (MUNSHI et al. 1996). In vitro the as
sociation of purified calmodulin and recombinant IRS-l increases with the Ca2 + 

concentration; and in vivo treatment of cells with A23187 to increase cytosolic 
Ca2+ increases the association. In contrast, trifluoperazine, a cell-permeable cal
modulin antagonist, decreases binding of calmodulin to IRS-I. Insulin-stimulated 
tyrosine phosphorylation of IRS-l does not significantly alter the interaction 
between calmodulin and IRS-I. Calmodulin appears to bind to IQ motifs between 
residues 106-126 and 839-859 of IRS-I. Complete IQ motifs consist of approxi
mately 23 residues with the consensus sequence IQXXXRGXXXR (CHENEY 
and MOOSEKER 1992). Synthetic peptides based on these sequences inhibit the 
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association between IRS-1 and calmodulin (MUNSHI et al. 1996). These data sug
gest that calmodulin links IRS proteins to calcium-sensitive pathways. 

Another tyrosine-phosphate independent mechanism for protein-protein in
teraction may involve 14-3-3 proteins, which are a group of small ubiquitously and 
highly conserved proteins that bind to a variety of signaling proteins (MORRISON 
1994). 14-3-3 exists as a dimer which may mediate activation of associated kinases, 
including Raf-l (MORRISON and CUTLER 1997). Several 14-3-3 isoforms bind 
IRS-1 3 (White et aI., unpublished results). 14-3-3 was proposed to binding phos
phoserine in RSxpSxP motifs (MUSLIN et al. 1996). Similar motifs occur in IRS-l 
(Ser265 and Ser637) and IRS-2 (Ser303 and Ser429), but our results do not indicate a 
role for serine phosphorylation of IRS-l in the binding of 14-3-3. Whatever the 
mechanism, 14-3-3 proteins may cause dimerization of IRS proteins, or provide a 
bridge between IRS proteins and heterologous signaling molecules such as Raf-1. 

5 Inhibition of IRS Protein Signaling by Serine Phosphorylation 

IRS-l and IRS-2 contain over 30 potential serine/threonine phosphorylation sites 
in motifs recognized by various kinases, including casein kinase-2, MAP kinases, 
PKC and cdc2 (SUN et al. 1991, 1995). IRS proteins are heavily serine/threonine 
phosphorylated in the basal state and insulin stimulates additional serine phos
phorylation (SUN et al. 1993). Although the relevant phosphorylation sites have 
been difficult to determine for most of these kinases, casein kinase-2 phosphorylates 
rat IRS-l at Ser99 and Thr502. The physiological effects of these phosphorylation 
events are unknown, especially as Ser99 is absent from human IRS-l (TRANISIJEVIK 
et al. 1993). 

Serine and threonine phosphorylation of IRS-l may downregulate IRS-de
pendent signaling by inhibiting tyrosine phosphorylation during insulin stimulation 
(JULLIEN et al. 1993; KANETY et al. 1995; TANTI et al. 1994). In 3T3-Ll adipocytes, 
okadaic acid treatment generally increases serine phosphorylation of IRS-I, while 
decreasing tyrosine phosphorylation, PI 3-kinase activation and deoxyglucose up
take (TANTI et al. 1994). Serine to alanine point mutations of consensus MAP 
kinase phosphorylation sites in IRS-l which overlap p85-binding-YMXM motifs 
increase both IRS-l tyrosine phosphorylation and associated PI-3 kinase activity 
(MOTHE et al. 1996). These data suggest that serine phosphorylation sites may 
inhibit the insulin-stimulated tyrosine phosphorylation of the proximal YMXM 
motifs, reducing p85/IRS-l interactions. 

Although the physiological relevance of the modulation of serine/threonine 
phosphorylation has been difficult to investigate, recent work suggests that TNFCt 
stimulates IRS-1 serine phosphorylation, which correlates closely with decreased 
IRS-l tyrosine phosphorylation and insulin receptor tyrosine kinase activity. Since 
adipocytes secrete TNFCt, a molecular explanation for insulin resistance in obesity 
and diabetes may involve this pathway {HOTAMISLIGIL and SPIEGELMAN 1994; 
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Fig. 5. Model of TNF-ct-mediated downregulation of insulin action. TNF-ct stimulates decreased insulin 
receptor kinase activity and increased serine and decreased tyrosine phosphorylation of IRS proteins. 
This downregulation may occur through p38 and/or lnk-mediated serine phosphorylation of IRS pro
teins on motifs adjacent to p85-binding tyrosine phosphorylation sites, decreasing its efficiency of tyrosine 
phosphorylation and subsequent PI-3 kinase binding activity 

HOTAMISLIGIL et al. 1995, 1996). Inhibition of the insulin receptor kinase by TNFex 
requires expression of IRS-I, but the mechanism for this effect is unclear 
(HOTAMISLIGIL et al. 1996). Identification of the serine phosphorylation sites that 
occur during TNFex stimulation will provide new information about the putative 
kinases involved. Ink and p38 serine kinases are excellent candidates, as these are 
stimulated by TNFex (VERHEIJ et al. 1996; SAKLATVALA et al. 1996; HIRAI et al. 
1996). Future experiments in physiological systems, including human samples, will 
be required to support these hypotheses (Figs. 4, 5). 

6 Role of IRS Proteins in Mammalian Physiology 

6.1 Introduction 

IRS proteins regulate many biological processes, including the control of glucose 
metabolism, protein synthesis, and cell survival, growth and transformation. Al
though not all insulin signals are mediated by the IRS proteins, major physiological 
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responses to insulin are probably absent without them. Mice lacking IRS-1 survive 
and display mild insulin resistance, suggesting that IRS-2 or other related proteins 
compensate adequately to maintain nearly normal carbohydrate metabolism. The 
importance of IRS-1 for carbohydrate metabolism is best demonstrated in mice 
double heterozygous for null alleles in the insulin receptor and IRS-l (BRUNING 
et al. 1997). Whereas the IRS 1 (-j-) mice display nearly normal glucose metabolism, 
they are markedly smaller throughout life, suggesting that IRS-1 plays important 
roles during early development that are not rescued by other docking proteins. 

Although best known for their role in insulin signaling, the IRS proteins may 
emerge as important points for treatment of cancer or other degenerative diseases. 
The IRS proteins playa central role in signaling by IGF-1, which strongly inhibits 
apoptosis in various cellular backgrounds (BASERGA 1996). IGF-1 is also essential 
for normal neuronal development, suggesting indirectly a role for IRS proteins in 
this process (DUDEK et al. 1997). 

6.2 Role of IRS Proteins in Glucose Homeostasis 

The movement of glucose across the plasma membrane is largely accomplished by a 
family of facilitated glucose transporters, of which GLUTl and GLUT4 are largely 
responsible for removing glucose from the bloodstream (LIENHARD et al. 1992). 
GLUT1 accumulates constitutively at the plasma membrane of most cells and 
tissues, and is relatively insensitive to acute insulin treatment. Activation of the 
p21 ras/MAP kinase pathway increases expression of GLUTl, which stimulates 
glucose uptake (FINGAR and BIRNBAUM 1994). In skeletal muscle, IRS-1 mediates 
this process, whereas Shc plays a prominent role in cultured cells (MYERS et al. 
1994; YAMAUCHI et al. 1996; OUWENS et al. 1994; SASAOKA et al. 1994). 

The regulation of GLUT4 translocation to the plasma membrane is essential 
for the rapid effect of insulin on glucose uptake in adipocytes and muscle. It is 
sequestered in an intracellular vesicular compartment under basal conditions, and 
insulin stimulates its accumulation at the plasma membrane which stimulates 
glucose influx (LIENHARD et al. 1992). Considerable evidence now indicates that 
activation of PI-3 kinase during association with IRS proteins provides one of the 
essential signals for GLUT-4 translocation (SUN et al. 1991; OKADA et al. 1994; Xu 
and SONNTAG 1996; RIDDERSTRALE and TORNQVIST 1994; OKADA et al. 1994; HARA 
et al. 1994; BACKER et al. 1992a). It may be the only signal required as expression of 
constitutively active p 110 seems to circumvent the insulin requirement (T ANTI et al. 
1996). Moreover, expression of activate PKB also stimulates translocation of 
GLUT4 to the plasma membrane, suggesting that a serine phosphorylation step 
may be involved (KOHN et al. 1996). Cellular substrates of PKB appear to be good 
candidates to explore to extend the insulin signaling pathway to GLUT4 translo
cation. The exact role of IRS proteins in this pathway has not been formally 
demonstrated, and whether IRS-l/2 or pp60 will predominate is unknown. 

The synthesis of glycogen in skeletal muscle is important for glucose disposal 
following a meal. Two kinase cascades are implicated as upstream mediators of 
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glycogen synthase, including the MAP kinase cascade and the PI-3 kinase/PKB 
pathway (CROSS et al. 1995; DENT et al. 1990); in skeletal muscle, IRS-l is the main 
regulator of both pathways during insulin stimulation (YAMAUCHI et al. 1996). The 
insensitivity of glycogen synthesis to the MEK inhibitor, and its inhibition by PI-3 
kinase inhibitors (L Y294002), suggests that PI-3 kinase/PKB plays a prominent 
role (CROSS et al. 1996). 

6.3 Regulation of Protein Synthesis 

General protein synthesis is one of the principal physiologic responses to insulin, 
particularly in the skeletal muscle. Insulin also mediates the synthesis of proteins 
specifically involved in growth and survival, including myc and fos (MENDEZ et al. 
1996). The insulin receptor and IRS-l are essential elements for both types of 
protein synthesis. Insulin stimulated protein synthesis in 32D cells requires ectopic 
expression of both the insulin receptor and IRS-I, suggesting that this insulin effect 
requires at least two pathways, one dependent on MAP kinase activation and the 
other on PI-3 kinase (MENDEZ et al. 1996). 

General and growth-specific protein synthesis are controlled during insulin 
stimulation through two distinct branches. One branch, needed for myc translation 
for instance, is sensitive to rapamycin, suggesting that it involves mTOR and p70s6k 

(Fig. 6); insulin-stimulated phosphorylation of PHAS-I and eIF4E play an im
portant role in this pathway, and PHAS-I may be a direct substrate of mTOR 
(1. Lawrence, University of Virginia, personal communication). General protein 
synthesis is unaffected by rapamycin, as it weakly inhibits this [35S1methionine 
incorporation during insulin stimulation (MENDEZ et al. 1996). By contrast, insulin
stimulated general protein synthesis is sensitive to certain PKC inhibitors, and 
constitutively active PKC( compensates for the absence of IRS-l in 32D cells 
expressing the insulin receptor (MENDEZ et al. 1997). These results suggest that 
PKCC or a kinase with similar substrate range, is downstream of the PI-3 kinase 
during insulin stimulated protein synthesis (Fig. 6). 

6.4 IRS Proteins and Diabetes 

Mice lacking IRS-l are mildly insulin-resistant, confirming that IRS proteins me
diate insulin signals in the intact mammals. Without IRS-I, glucose levels are 
maintained at normal levels during fasting by elevated circulating insulin, and after 
a glucose challenge the serum glucose is reduced slowly even by an exaggerated 
insulin release (ARAKI et al. 1994; TAMEMOTO et al. 1994). However, the absence of 
IRS-l does not cause NIDDM (BRUNING et al. 1997). Apparently, insulin resis
tance caused by the absence of IRS-l is adequately compensated through IRS-2 
and by elevated insulin production and secretion. 

A few studies have investigated insulin responses in various tissues of the 
IRS1(-/-) mouse to determine the nature of the compensatory signaling. In liver, 
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insulin signaling is nearly normal even though IRS-2 expression is not elevated; 
however, IRS-2 tyrosine phosphorylation increases, which mediates a typical PI-3 
kinase response (PATTI et al. 1995). Perhaps the increase in phosphorylation of 
IRS-2 occurs because competition from IRS-l is absent; however, this compensa
tion does not occur in skeletal muscle (YAMAUCHI et al. 1996). Muscle from the 
IRS1(-/-) mice retains only a 20% response to insulin, including PI-3 kinase, MAP 
kinase and p70s6k glucose uptake, glycogen synthesis and protein synthesis, which 
reflects the low level of IRS-l phosphorylation that occurs in this tissue (YAMAuCHI 
et al. 1996). The respectable control of glucose homeostasis must arise from a 
nearly normal inhibition of hepatic gluconeogenesis (although this has not been 
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measured directly), and slow but reasonable glycogen production in muscle; al
though insulin weakly stimulates glucose uptake in skeletal muscle, once inside its 
conversion to glycogen is largely substrate driven. 

Although in isolation, the heterozygous disruption of the insulin receptor is 
slightly more severe than a heterozygous disruption of IRS-I, these mice are gen
erally euglycemic throughout their lives. At birth, the compound heterozygous mice 
(lR ± fIRS ±) are slightly more resistant to insulin than the individual heterozygotes 
as various parameters of insulin signaling, such as IRS-l tyrosine phosphorylation 
and PI-3 kinase activity, are reduced as expected. Before the age of 4 months, 
insulin secretion adequately compensates to maintain normal glycemia. However, 
between 4 and 6 months of age about half of the mice develop diabetes owing 
mainly to severe insulin resistance, which is not overcome by high insulin levels 
(BRUNING et al. 1997). At this point, the ~ cell mass and serum insulin levels 
increase in parallel to the insulin resistance. The molecular basis for this latter 
transition may eventually provide a better understanding of the pathophysiology of 
NIDDM. The compound heterozygous mouse model provides the best evidence 
that the enzyme:substrate relation between the insulin receptor and IRS-l is im
portant for carbohydrate metabolism. 

Mutations in the insulin receptor and IRS-l are rare in humans, and probably 
do not contribute significantly to the disease. In a few cases, polymorphisms in 
IRS-l have been identified in human IRS-I, including SerS13, Ala97b and Argl221 
(ALMIND et al. 1996; CLAUSEN et al. 1995). The Ala972 mutation occurs in 10.7% of 
NIDDM subjects from various ethnic backgrounds, but also at 5.8% in control 
subjects. Subsequent analysis of this mutation in 32D cells suggests that it partially 
reduces the ability ofIRS-l to activate PI-3 kinase (ALMIND et al. 1996). Although 
mutations may not be the main cause ofNIDDM in humans, other mechanisms may 
result in a partial reduction of functional insulin receptor and IRS-I. Independent of 
the mechanism, NIDDM may be the outcome. If NIDDM is even partially due to 
reduced IRS protein expression, then it may be possible to identify drugs to enhance 
its expression or reduce its degradation to rescue a normal signaling capacity. 

6.S Cellular Survival, Growth and Cancer 

Considerable evidence indicates that the IRS proteins provide a common inter
mediate for the regulation of metabolic and growth-related signals. Historically, 
IGF-l has been thought to have an important effect on cell growth, whereas the 
effect of insulin is small. Consistent with this view, disruption of the IGF-l receptor 
in mice causes severe developmental abnormalities (BAKER et al. 1993; LIU et al. 
1993). In rare cases when people survive without IGF-l receptors, they are mentally 
impaired, demonstrating the importance of IGF-l receptor function in neural de
velopment. However, insulin is also essential for embryonic development, since 
human offspring without functional insulin receptors are severely deformed and die 
shortly after birth (ACCILI et al. 1996). IGF-l is usually studied for its growth 
promoting potential, as both a stimulator of mitogenesis and an inhibitor of 
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apoptosis in various cellular backgrounds (PRISCO et ai. 1997; BASERGA 1994). Since 
insulin also stimulates mitogenesis and inhibits apoptosis, the main distinction 
in vivo may lie with the tissue distribution of each receptor. However, the IGF-l 
receptor may possess a greater potential for transformation than the insulin 
receptor, owing to unique interaction motifs in its COOH-terminus (SURMACZ et ai. 
1995). The exact nature of these IGF-l receptor signals remains to be defined. 

IGF-l promotes cell survival and in some contexts this may be important for 
the development of cancer. The ability of insulinjlGF-l to inhibit apoptosis may be 
essential. Induction of apoptosis in murine BALBjc3T3 cells with topoisomerase I 
was significantly inhibited by IGF-l treatment and cell survival under these con
ditions is considerably enhanced by overexpression of the IGF-l receptor (SELL 
et al. 1995). However, in 32D cells that undergo spontaneous apoptosis upon 
removal of IL-3, IGF -1 and insulin cannot restore cell viability without ectopic 
expression of an IRS protein, strongly implicating IRS proteins in this response 
(L. Yenush et aI., unpublished observation; PRISCO et al. 1997). 

IGF-l mediates cellular transformation and IRS proteins appear to play an 
important role in this process. Murine 3T3-like fibroblasts lacking the IGF-l 
receptor or expressing dominant negative IGF-l receptors cannot be transformed 
by SV40 T antigen, which ordinarily transforms wild-type cells. However, the co
expression of IRS-l and the SV40 T antigen induces transformation (D'AMBROSIO 
et ai. 1995). In contrast, IRS-l induces a mitogenic response to insulin in 3T3-cells 
lacking IGF-l receptors, but it does not promote transformation, suggesting that 
additional IGF-l receptor signals are required (SURMACZ et ai. 1995). Thus, the 
transforming competence of the IGF-l receptor requires an IRS-I-dependent signal 
and one or more pathways that can be substituted by SV40 T antigen. 

6.6 Neuronal Differentiation 

IGF-1 promotes neuronal development in vitro and in vivo (DUDEK et al. 1997; 
ZACKENFELS et ai. 1995; TORRES-ALEMAN et al. 1994). Homozygous IGF1 (-j-) mice 
display reduced brain size, hypomyelination and reduced number of hipocampal, 
granule and striatal neurons (BECK et al. 1995). Moreover, disruption of the IGF-l 
receptor gene generally delays nervous system development (LIU et ai. 1993). PI-3 
kinase appears to play an important role, as PC12 cells and cerebellar neurons 
require it for neurite extension and inhibition of apoptosis (YAO and COOPER 1995; 
DUDEK et al. 1997). Although the 85-kDa regulatory subunits are expressed in 
developing neurons, p55PIK is highly expressed in neurite extensions where it binds 
to IRS-lor IRS-2 during IGF-ljinsulin stimulation (PONS et aI., submitted). The 
expression of p55PIK remains very high during development of the nervous system 
and increases during differentiation ofP19 cells into a neuronal phenotype. In both 
primary and P19 neuronal cultures p55PIK largely associates with IRS proteins and 
stimulates PI-3 kinase activity during stimulation with IGF-l. Using a combination 
of approaches, we propose that the regulation of PI-3 kinase by p55PIK is essential 
for some of the actions of IGF-1 on differentiation. 
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7 Future Perspectives 

The expanding role of docking proteins raises new questions about the relation 
between insulin signaling and the action of other growth factors and cytokines. 
Clearly, IRS proteins represent an important multifunctional interface between 
many receptors and intracellular signaling pathways. One direction for the future is 
to complete the identification of more IRS protein family members, as well as 
members of other docking protein families. However, the mostimportant direction 
will require a return to physiology and the analysis of mouse model systems lacking 
these proteins or expressing mutant proteins to resolve the contribution of the 
various pathways for normal development and resistance to disease. 
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Protein-protein associations are the basis of much of the macromolecular organi
zation underlying cellular structure and function. Two general mechanisms exist to 
achieve binding specificity: "surface-surface" and "modular domain-peptide" as
sociations. The former is based on interacting surface chemistry unique to each pair 
of binding partners, e.g., oligomerization of hemoglobin monomers. Surface-sur
face interactions provide for highly specific binding, but the complex nature of 
these associations has not provided evolution with the opportunity to generate 
binding diversity. In contrast, "modular domain-peptide" associations are based on 
conserved domains which recognize variations of simple peptide motifs. Both the 
modular domains and peptide targets are found as motifs within multi domain 
proteins of diverse function, e.g., enzymes, receptors, cytoskeletal proteins. 
Examples of these domains include the well characterized SH3, SH2 and PTB 
domains. 
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Modular domains have been used extensively to link proteins within signal 
transduction pathways and the cytoskeleton. The reason may be that once a set of 
interactions is established it can be adapted to create an independent parallel 
pathway by simple mutational changes in the domain and its cognate binding 
peptide. Another reason is that both the domains and peptide motifs can be shuffled 
among various proteins, by chromosomal translocations, without disrupting other 
functions of the protein, such as its enzymatic or other binding functions. 

PDZ domains (aka GLGF or DHR repeats) are the most recently recognized 
class of modular surface-peptide binding domains. Much remains obscure about 
their distribution, function and regulation, yet recent data allow anticipation of 
their diverse potential. While similar in some respects to previously recognized 
modular binding domains, PDZ domains clearly have several unique properties. 
Unlike other well described modular domains, PDZ domains are ancient motifs 
found in organisms from bacteria to higher plants and animals (FANNING and 
ANDERSON 1996). In many cases PDZ domains recognize short peptide sequence at 
the extreme C-terminus of target proteins. These targets are often transmembrane 
receptors or channels (SHENG 1996). PDZ domains are frequently reiterated from 
two to six times within a protein and, unlike any other modular domain, some PDZ 
domains dimerize. Both features contribute to their utility in forming crosslinked 
protein networks and the organization of micro domains on the cell cortex at sites 
like synapses, and intercellular tight junctions (FANNING et al. 1996). 

Because binding recognition may be based on a motif as short as 3-4 con
tinuous residues, interactions with target proteins might be expected to be quite 
promiscuous. Indeed, some PDZ domains appear to bind many targets, and, 
conversely, any single target may bind a PDZ domain of several different proteins. 
While this too may contribute to creation of extensive and redundant protein 
networks, it is equally likely that PDZ domains are highly localized within a cell 
and thus never encountered all potential ligands. Like PTB and SH2 domain in
teractions, there is early evidence that PDZ domain binding is also regulated by 
phosphorylation of target motifs (COHEN et al. 1996). 

In this review we highlight several aspects of the rapidly evolving knowledge of 
PDZ domains. Extensive references to the distribution of PDZ domains are pro
vided along with discussion of the structural basis for sequence-specific peptide 
recognition, the likely function of PDZ domains in organizing cytoskeletal and 
signaling networks, and the possibility of regulation of PDZ-peptide binding. Al
though the protein binding function of PDZ domains was described only 3 years 
ago, the literature in this field has expanded enormously and we attempt to be 
inclusive, but not detailed. We refer the reader to other reviews on more focused 
aspects of PDZ domain biology (HARRISON 1996; FANNING and ANDERSON 1996; 
ANDERSON 1996; SHENG 1996). 
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2 The PDZ Domain is a Modular Protein-Binding Motif 

2.1 PDZ Domains are Conserved Sequence Elements Found in Diverse 
Proteins in Animals, Plants, and Bacteria 

The PDZ domain was originally identified as a region of repeated sequence ho
mology between the synaptic protein PSD-95 (aka SAP90) and the Drosophila 
tumor suppressor Dig (CHO et al. 1992). This 80-90 amino acid motif has subse
quently been identified in over 50 distinct proteins (Table 1), with the number of 
domains in each protein varying from one to as many as six. Although sequence 
homology between any pair of PDZ domains can be as low as 20% (Fig. 1), all 
PDZ domains appear to maintain a core consensus which presumably underlies a 
common tertiary structural motif (DOYLE et al. 1996). From sequence comparisons 
it is also apparent that PDZ domains of different proteins fall into distinct classes 
(Fig. 2). Often the PDZ domain of one protein (e.g., Dlg/hDlg) is more similar to 
the PDZ domain in a second protein (e.g., PSD-95) than it is to others within the 
same protein. Given the very high identity among some PDZ motifs in different 
proteins (the second PDZ domains ofhDlg and PSD-95 are 88% identical), it seems 
likely that domains of the same class in different proteins have a similar function. 
As discussed below, this speculation is supported by recent biochemical analysis. 

The cellular function of proteins which contain PDZ domains varys consid
erably. However, analysis of invertebrate mutations suggests the majority of these 
proteins are involved in some aspect of signal transduction. Many examples are 
observed in Drosophila. For example, the Dig protein, which contains three PDZ 
domains, has been identified as the product of a tumor suppressor locus (WOODS 
and BRYANT 1989, 1991). Mutations in Dig result in imaginal disk overgrowth and 
loss of cell polarity. The Drosophila dishevelled (Dsh) protein is a component of the 
wingless signaling pathway, which is involved in the establishment of segment 
polarity (THEISEN et al. 1994). Several human and mouse homologs of this segment 
polarity gene have already been identified (SUSSMAN et al. 1994; PIZZUTI et al. 1996). 
The Drosophila cno protein is a component of the notch signal transduction 
pathway (MIYAMOTO et al. 1995), and is required for normal photoreceptor de
velopment. A human homolog of cno, AF6, has been identified as a gene at the 
translocation breakpoint in several patients with acute myelogenous leukemia 
(PRASAD et al. 1993). The SIF protein, encoded by the Drosophila still life gene, has 
high homology to guanine nucleotide exchange factors for the rho family of small 
GTPases (SONE et al. 1997). Mutations in SIF result in abnormal neuronal mor
phology. Another potential signaling protein is encoded by the Drosophila InaD 
gene. InaD binds to and appears to regulate the activity of the TRP Ca2 + channel, 
which is involved in phototransduction (SHIEH and NIEMEYER 1995; SHIEH and ZHU 
1996). Mutations in PDZ domain-containing proteins have also been described in 
C. elegans; for example the lin2 and lin7 genes encode components of a ras signaling 
pathway (HOSKINS et al. 1995; SIMSKE et al. 1996). Mutations in either gene result in 
failure to differentiate by a class of cells known as vulval precursor cells. The 
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identification of PDZ domains in so many proteins with signaling capacities led to 
the speculation early on that PDZ domains were somehow involved in assembling 
proteins involved in signal transduction pathways. 

In other cases, known signaling proteins have been found to contain PDZ 
domains. For example, the neuronal isoform of nitric oxide synthase (nNOS), 
which generates the intracellular second messenger NO, contains a PDZ domain 
(NAKANE et al. 1993). The PTPH1, PTPmeg, and PTPbas proteins have all been 
biochemically identified as protein tyrosine phosphatases (YANG and TONKS 1991; 
Gu et al. 1991; MAEKAWA et al. 1994; SARAS et al. 1994). PTPbas binds directly to 
the Fas receptor, which is involved in a signal transduction pathway that regulates 
apoptosis (SATO et al. 1995). At least two PDZ domain-containing proteins, LIMK 
and MAST205, have been identified as probable serine threonine kinases by se
quence homology and biochemistry (MIZUNO et al. 1994; WALDEN and COWAN 
1993). The protein Rhophilin was originally identified as a substrate for the small 
GTP binding protein rho (WATANABE et al. 1996). Similarly, the protein PICKI 
was originally identified as a substrate for protein kinase C (STAUDINGER et al. 
1995). A regulatory factor which may bind the Na-H exchanger through a PDZ 
domain, NHE-RF, has been identified and shown to be required for protein kinase 
A-mediated regulation of the Na-H exchanger (WEINMAN et al. 1995). 

Many other PDZ domain-containing proteins are implicated in signal trans
duction based on the presence of other motifs commonly found in signaling pro
teins. For instance, the proteins CLP36, Enigma, ril, and LIMK all contain LIM 
domains (MIZUNO et al. 1994; Wu and GILL 1994; KIESS et al. 1995; WANG et al. 
1995), and the polypeptide encoded by the gene KIAA147 has a region of ho
mology to adenylate kinase (NAGASE et al. 1995). 

PDZ domains are also one of the signature characteristics of a family of 
membrane-associated signaling proteins known as the membrane-associated gua
nylate kinase homo logs (MAGUKs). This family of proteins has been one of the 
most intensely studied classes ofPDZ-containing proteins in terms ofPDZ function 
(FANNING et al. 1996; GOMPERTS 1996; EHLERS et al. 1996). All MAGUKs are 
distinguished by a core of homologous protein domains which include a region 
homologous to the enzyme guanylate kinase (GuK), a src-homology region 3 (SH3) 
domain, and one to three PDZ domains. Presumably this core of domains serves a 
conserved coordinated binding and/or signaling function. The MAGUKs can be 
subdivided into three classes based on the number of PDZ domains and expression 
of other sequence motifs. The first class is characterized by the prototypic member 
DIg (see Table 1), and comprises several related proteins which have three PDZ 
domains. The tissue specificity and subcellular distribution of this class of proteins 
varies considerably, although the majority of them have been localized to synapses 
(SHENG 1996). The second class of MAGUKs also have three PDZ domains, but 
differ significantly from the DIg-like MAGUKs in terms of sequence (FANNING 
et al. 1996). These proteins were initially characterized as components of the 
vertebrate tight junction, and include the proteins ZO-l (WILLOTT et al. 1993), 
ZO-2 (JESAITIS and GOODENOUGH 1994; DUCLOS et al. 1994), and a l30-kDa 
protein provisionally identified as "ZO-3" (B. Stevenson, University of Alberta, 
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Edmonton, personal communication). More recently the tamou gene, an inver
tebrate homolog of ZO-l and ZO-2, has been identified in Drosophila (T AKAHISA 
et al. 1996). Mutations in the tamou gene cause a reduction in expression of the 
extramacrochaetae transcription factor, suggesting that the tight junction 
MAGUKs may be directly involved in signal transduction at the level of 
transcription. The third class of MAGUKs contains only one PDZ domain, and 
is characterized by the p55 protein (RUFF et al. 1991). A subset of this class of 
proteins (CASK, CAMGUK, and LIN2, sometimes collectively referred to as 
the CAMGUKs) also contains a region of homology to the enzyme calcium
calmodulin protein kinase II (HOSKINS et al. 1995; DIMITRATOS et al. 1997; HATA 
et al. 1996a, b). As described above, analysis of the mutant phenotypes of the 
invertebrate MAGUK genes dIg, lin2, and tamou strongly suggests they also 
function in signal transduction. 

Database homology searches indicate that PDZ domains are even found in two 
protease families in both plants and bacteria (see Table 1, Fig. 1). The first class is 
represented by the E. coli htrA gene. The htrA protein, also known as degP, is a 
serine protease found in the periplasmic space and appears to be involved in the 
proteolytic degradation of aberrant proteins (LIPINSKA et al. 1988, 1989). It is a heat 
shock protein, essential for the growth of E. coli at elevated temperatures (LIPINSKA 
et al. 1990), and is also required for virulence in a number of bacterial pathogens 
such as Salmonella typhimurium, Pseudomonas aeruginosa, and Brucella abortis 
(JOHNSON et al. 1991; BAUMLER et al. 1994; BOUCHER et al. 1996). The second class 
is found in plants, bacteria and even cyanobacteria (SHESTAKOV et al. 1994; IN
AGAKI et al. 1996). The most extensively characterized example of this class is 
encoded by the spinach ctpA gene. The ctpA protein is a novel protease associated 
with the thylakoid membrane which cleaves the D1 precursor protein of the pho
to system II reaction center (ANBUDURAI et al. 1994; TAGUCHI et al. 1995). In each 
case it appears the PDZ domain interacts with C-terminal sequences to bring the 
protease domain and its substrate into proximity. The presence of this conserved 
sequence element with a conserved binding function in bacterial, plant and animal 
proteins clearly establishes its early evolution and maintained function. Not sur
prisingly, a search of the yeast database reveals that PDZ domains are also present 
in the fungi (data not shown). 

2.2 PDZ Domains Bind to a C-Terminal Motif 

There is now an overwhelming accumulation of experimental evidence supporting 
the hypothesis that PDZ domains are protein-binding motifs. Biochemical analysis 
using both in vivo and in vitro binding assays indicates that PDZ domains bind to 

Fig. 2. Sequence relationships between PDZ domains found in different proteins. This dendrogram was 
assembled using the PILEUP program (DEVEREUX et al. 1984). Note that sequences that cluster in a 
distinct branch of the tree share ligands that are distinct from ligands for PDZ domains in other branches 
of the tree (e.g., distinguish PSD95_2 and hdlg_2 from SAPI02J) 
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specific sequence motifs at the C-termini of their target proteins (see Table 2). For 
example, the C-termini of both the N-methyl D-aspartate (NMDA) receptor and 
the Shaker-type potassium channel Kv1.4 have been identified as ligands for the 
first (PDZl) and second (PDZ2) PDZ domains of three related proteins the synapse 
associated proteins PSD-95 and chapsyn 110 (aka KAP-5 or PSD-93), and the 
human homolog of the Drosophila dIg protein, hdlg (KIM et ai. 1995; KORNAU et ai. 
1995; NIETHAMMER et ai. 1996). The measured Kd of the interaction of the K + 

channel with hdlg PDZ2 ranges from 42 to 160 nM, suggesting that these inter
actions are of relatively high affinity, (MARFATIA et ai. 1996). The NMDA receptor 
and the K + channel also bind to PDZ2 of another synaptic protein, SAPI02 
(MULLER et ai. 1996). The C-terminus of the Fas receptor, a transmembrane protein 
involved in apoptosis, has been shown to bind to one of the six PDZ domains of the 
protein tyrosine phosphatase FAP-l (SATO et aI., 1995) and the C-terminus of the 

Table 2. PDZ domain containing proteins and their cellular targets 

PDZ protein 

A. PDZ/C-terminal interactions 

PSD-95 (SAP90) 

PSD-93 (chapsyn-IIO) 

SAP97 

SAPI02 

hdlg 

FAP-l (PTPbas) 

inaD 

CASK 

p55 

hlin2 

lin7a 

dsha 

B. PDZ/PDZ interactions 

nNOS 

PSD-95a 

Target 

NMDA receptor (NR2 subunit) 

Shaker K + channel 

Kir2.3 

NMDA receptor 

Shaker K + channel 

NMDA receptor 

NMDA receptor 

Shaker K + channel 

APC 

Fas receptor 

TRP Ca2 + channel 

Neurexin 

Glycophorin C 

Syndecan-2 

let23 

Dfz2, fz 

PSD-95, PSD-93 

ad -syntrophin 

PSD-93 

a Direct interaction not yet established. See text for details and references. 

C-terminal Motif 

ESDV 

ETDV 

ESAI 

See above 

See above 

See above 

See above 

VTSV 

QSLV 

rgKSTVtgrmisgwl 

EYYV 

EYFI 

EFYA 

ETCL 

ASHV 
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APC tumor suppressor gene has also been identified as a ligand for PDZ2 of hdlg 
(MATSUMINE et al. 1996). Again, FAP-l has a relatively high affinity for its ligand, 
with a measured Kd of 154 nM (SONGYANG et al. 1997). All of the ligands for 
these PDZ domains contain the consensus sequence (S/T)XV at the extreme C
terminus, in which SIT represents serine or threonine, X is any amino acid, and V is 
a valine residue. In all cases mutational analysis has demonstrated that this motif is 
both necessary and sufficient to mediate the interaction with PDZ domains. 

Other classes of PDZ domains seem to recognize distinct C-terminal sequences. 
For example, p55 binds directly to the erythrocyte transmembrane protein glyco
phorin C, which ends in the sequence EYFI (SONGYANG et al. 1997). The syn
apse-associated protein CASK binds to the C-terminus of the transmembrane 
protein neurexin, a putative adhesion/signaling protein of neurons (HATA et al. 
1996a). Neurexin ends in the C-terminal sequence EYYV. Finally, the human 
homolog of the C. elegans protein LIN2, hLIN2, has been shown to interact with 
the transmembrane heparin sulfate proteoglycan syndecan-2 (A. Brecher, Yale 
University, personal communication). Syndecans all contain the C-terminal se
quence EFY A. The chemical basis for the differences in PDZ-target peptide spe
cificity is discussed in greater detail below. 

Still other PDZ interactions with C-termini can be inferred from genetic 
studies, even though direct interactions have yet to be established. The C. elegans 
protein LIN7, for example, has been shown to interact genetically with the trans
membrane receptor tyrosine kinase LET23, which contains the C-terminal sequence 
ETCL (SIMSKE et al. 1996). A possible ligand for the PDZ domain within the Dsh 
protein has also been identified. The product of the DJz2 gene has been identified as 
a receptor for the wingless protein, a secreted signaling protein (BHANOT et al. 
1996). Dfz2 protein contains the C-terminal sequence ASHV. The Dsh protein, a 
cytosolic component of the wingless signaling pathway, is genetically downstream 
of this wingless receptor, and thus may bind via its PDZ domain to the cytoplasmic 
tail of the receptor (THEISEN et al. 1994). 

2.3 PDZ Domain Interactions with Other Motifs 

Not all PDZ domains are restricted to C-terminal binding; PDZ domains have also 
been shown to bind to other PDZ domains and, in at least one case, to an internal 
(T/S)XV motif (Table 2). For example, the PDZ2 domain of PSD-95 and PSD-93 
has been shown to bind directly to PDZ domains in both nNOS and cd -syntrophin 
(BRENMAN et al. 1996b), suggesting that PDZ domains also mediate heterotypic 
dimerization. Perhaps of even greater interest is the fact that an individual PDZ 
domain can bind to both C-terminal sequences and to other PDZ domains, sug
gesting another level of versatility in forming protein complexes. More recently, the 
second PDZ domain in the Drosophila inaD photoreceptor protein was shown to 
bind the TRP calcium channel at an STY motif which is nine residues from the 
C-terminus (SHIEH and ZHU 1996). This observation suggests a third possible binding 
modality in which a (S/T)XV consensus sequence is located internally within the 
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target protein. It remains to be determined whether any single PDZ domain can 
participate in all three types of binding interactions, i.e., dimerization and binding 
to internal as well as C-terminal peptide motifs. Conceivably different classes of 
PDZ domains are capable of one, two or all three binding modalities. It is also 
unclear whether dimerization and C-terminal binding can occur simultaneously, or 
whether these interactions are competitive events. Either possibility has interesting 
implications for how they participate in assembly of macromolecular complexes. 

2.4 The Binding Interactions Mediated by PDZ Domains 
are Selective 

In vitro and in vivo binding assays suggest that the interactions between PDZ 
domains and their ligands are somewhat selective. For example, only one of the six 
PDZ domains in FAP-I (PDZ3) will bind to Fas (SATO et al. 1995), and only PDZ1 
and PDZ2 ofPSD-95 will bind to the NMDA receptor and Kv1.4 (KORNAU et al. 
1995; KIM et al. 1995). Although all three of the PDZ domains in SAP102 will bind 
to the NMDA receptor in vitro, the binding affinity of PDZ2 (Kd = 6 nM) is more 
than 100 times tighter than that ofPDZ3 (Kd = 1.0 11M) (MULLER et al. 1996). The 
same degree of specificity exists for dimerization between PDZ domains. The PDZ 
domain in nNOS will bind only to the second PDZ domain in PSD-95 and PSD-93 
(BRENMAN et al. 1996a), and although it does bind to PSD-95, it will not bind to the 
C-terminus of the NMDA receptor (KORNAU et al. 1995). 

These results are not entirely unexpected. The organization of PDZ domains 
by sequence similarity using the PILEUP program (Fig. 2) illustrates that while 
some PDZ domains fall into groups with high sequence similarity, and thus pre
sumably have similar cellular targets (e.g., PSD-95 and hdlg) , there is actually a 
great overall diversity, suggesting that many domains have novel binding speci
ficities. This idea has been extended and confirmed by the work of SONGYANG et al. 
(1997), who used the oriented peptide libraries to isolate peptide ligands for PDZ 
domains with no known binding partners. These studies confirmed that divergent 
PDZ domains each had distinct optimal binding partners. It is probable that fur
ther analysis of the ligands for different classes of PDZ domains will reveal much 
greater complexity, perhaps analogous to that of SH3 and SH2 binding recognition 
motifs. 

3 Structural Basis for PDZ Interactions 

The structural basis of PDZ binding has been elucidated from the crystal structure 
of the third PDZ domain of PSD-95 complexed to a peptide ligand (DOYLE et al. 
1996). These results suggest a mechanism for the specificity in binding C-termini 
containing the (TjS)XV motif, although it remains to be determined how general 
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this model will be for other ligand specificities and to what extent sequences outside 
this short motif contribute to specificity. 

The PDZ3 in PSD-95 was solved with a bound peptide ligand which ends in the 
residues Gin (at position -3 from the C-terminus), Thr (-2), Ser (-1), and a ter
minal Val (0) (DOYLE et al. 1996). The PDZ domain in this complex (Fig. 3) forms 
a globular structure composed of 5-6 ~-strands (~A-F, see also Fig. 1) and 2 et
helices (etA and etB) arranged into what has been described as a '~sandwich' or 'up
and-down ~ barrel' (DOYLE et al. 1996; MaRIAs-CABRAL et al. 1996). In the co
crystal structure, the peptide ligand binds within a hydrophobic pocket created by 
the ~B-strand, the etA-helix, and the loop connecting the ~A- and ~B-strands 
designated the "carboxylate binding loop" (DOYLE et al. 1996). The peptide ligand 
is oriented antiparallel to ~B, with its C-terminal valine side chain within a hy
drophobic cavity, and peptide binding is stabilized by interactions between the 
backbone of the peptide and the ~B-strand. The interaction between the PDZ 
domain and the peptide ligand is also promoted by hydrogen bonding between the 
Val (0) carboxylate group and residues of the so-called "carboxylate-binding loop" 
(R and GLGF; Fig. 1, bold residues, and Fig. 3), and between the peptide side 
chains of Gin (-3), Thr (-2), and Val (0) and side chains of residues within the PDZ 
domain (Fig. 1, shaded residues). The side chain of Ser (-1) is oriented into solu
tion and does not interact with the PDZ domain. 

These results lead to a speculative model in which differences in specificity of 
distinct PDZ domains are the result of changes in amino acid residues that mediate 
the interactions with the (-3), (-2), and (0) residues of the target peptide. Because 
the (-1) side chain makes no contact with the PDZ domain in PSD-95, it would not 
be predicted to contribute to specificity. As shown in Fig. 1, there is a considerable 
diversity in primary sequence of different PDZ domains at positions which pre
sumably directly contact the ligand. PDZ domains which bind to the (T/S)XV motif 
actually comprise a family of very closely related domains (Fig. 2). Less closely 
related sequences would be predicted to have novel specificities because of differ
ences at residues which interact with the amino acid side chains of the peptide 
ligand. 

Fig. 3. Schematic diagram of PDZ domain struc
ture. ~-Strands are indicated by arrows and rJ.
helices are represented by cylinders. Secondary 
structure elements are labeled as in Fig. I. The C
terminal ligand (black) lies in a groove created by 
the ~B-strand and rJ.C-helix, the C-terminus of the 
target protein is embedded in the hydrophobic 
cavity and the carboxylate group is coordinated 
by a loop created by ~A-~B elements or "car
boxylate binding loop" (residues R, GLGF) 
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Although the PDZ of the CASK protein has not been crystallized, its unique 
specificity can be rationalized by the model described above. CASK binds to the 
cell surface protein neurexin, which contains the C-terminal motif EYYV (HATA 
et al. 1996b). Instead of the Asn (in the ~B strand) and Ser (in ~C) residues found in 
PSD-95 that normally interact with the Gin (-3) residue in the peptide ligand, the 
CASK PDZ contains Thr and Ala, respectively (see Fig. 1). Similarly, the His 
residue (in helix ctB) in PSD-95 that binds to Thr (-2) in the peptide ligand is 
replaced by a Val residue. This hydrophobic side chain would be predicted to be 
positioned to interact with the hydrophobic side chain at position -2 of neurexin. 
Although this model is simple and supported by the limited experimental data, it 
remains to be determined whether residues outside of the immediate area of the 
C-terminus are also involved in mediating binding specificity. 

The structural basis for heterodimerization between PDZ domains, such as 
occurs between nNOS and PSD-95, is currently unknown. The same is true for the 
interactions with internal (T/S)XV motifs such as occur between of in aD and TRP. 
Like many other PDZ domains, these PDZs also differ from PSD-95 at residues 
that are proposed to directly contact the peptide ligand (see Fig. 1). In addition, the 
carboxylate binding loop in inaD contains the motif FLGI instead of the GLGF 
motif seen in PSD-95 (Table 2). It is possible that alterations within residues of the 
carboxylate binding loop might relax the constraints for a C-terminal residue, and 
thus allow binding at an internal (TjS)XV motif such as seen with inaD. HARRISON 
(1996) has suggested that the binding of the peptide motif to the PDZ domain can 
be described as the addition of a ~-strand to the B-sheet of the PDZ domain. One 
implication of this model is that the supplementing ~-strand need not necessarily 
come from the C-terminus of a protein, but could be contributed by an internal 
sequence, such as in inaD, or by a p-strand from another PDZ domain. An un
derstanding of these interactions awaits resolution of the crystal structures of other 
complexed PDZ domains. 

4 PDZ Domain Interactions Create Crosslinked Networks 
at the Plasma Membrane 

The great majority of proteins which contain PDZ domains are associated with the 
plasma membrane. Interaction with the C-termini of transmembrane proteins 
probably provides one mechanism for targeting or maintaining these proteins at the 
plasma membrane. However, the presence of multiple PDZ domains within a 
protein, and the association of these domains with motifs that mediate interactions 
with the cortical cytoskeleton, also appears to provide a mechanism for cross
linking and organizing transmembrane proteins. As such, PDZ domains appear to 
be critical for the formation of organized structures at the plasma membrane such 
as synapses and cell-cell junctions. 
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4.1 PDZ Domains Promote the Clustering of Transmembrane 
Proteins 

The in vivo distribution of many PDZ proteins overlaps with that of the trans
membrane targets that have been identified by in vitro biochemistry. This has been 
particularly well established with the MAGUK proteins present in vertebrate and 
invertebrate synapses. PSD-95, PSD-93, hdlg, and SAPI02 all colocalize with the 
NMDA receptor and the K + channel within distinct tissues and cell types in the 
nervous system (KORNAU et al. 1995; KIM et al. 1995, 1996; MULLER et al. 1996). 
There are several observations, however, which suggest that the organization of 
these transmembrane proteins within synapses is a direct result of the interaction of 
these proteins with the PDZ domains in different MAGUKs. For example, coex
pression of PSD-95 with the NMDA receptor or K + channel in cultured fibro
broblasts results in the formation of discrete clusters of these proteins on the cell 
surface. If expressed individually, these proteins are diffusely distributed (KIM et al. 
1995). Similar results were obtained with PSD-93 (KIM et al. 1996). In a similar set 
of experiments, EHLERS et al. (1995) demonstrated that splice variants of the 
NMDA receptor which contain the conserved C-terminal T /SXV motif cluster into 
discrete patches at the plasma membrane, while those that lack this motif are 
diffusely distributed. Attaching the C-terminal motif to a receptor protein that is 
normally diffusely distributed was sufficient to mediate the clustering of the chi
meric receptor. Both studies suggest that MAGUK proteins are directly involved in 
the crosslinking and organization of transmembrane proteins in the plasma 
membrane via interactions mediated by PDZ domains. 

The idea that PDZ domains are required for channel clustering and synaptic 
organization is supported by experimental evidence from Drosophila DIg mutants 
(TEJEDOR et al. 1997). In Drosophila larvae the DIg protein normally co localizes 
with Shaker K + channels at glutamatergic neuromuscular junctions. The cyto
plasmic C-terminal tail of the Drosophila K + channel binds directly to PDZI-2 of 
Dig in vitro, and Dig is required for receptor clustering in heterologous cell 
transfection experiments such as those described above. In DIg null mutant larvae 
the K + channels fail to cluster at neuromuscular junctions. Similarly, synaptic 
clustering of the K + channel is abolished by simple deletion of the EDTV PDZ
binding motif in the K + channel. Finally, expression of a truncated Dig protein 
encoding only PDZI-2 results in ectopic co clustering of the truncated protein with 
the channel. The implication of this study is that PDZl-2 can cluster channels but 
lacks information to recruit clusters to synapes. This additional information must 
reside in the binding functions of some other domain. 

In many cases the PDZ domain may be less important for organizing a 
crosslinked domain than it is for targeting a particular protein to a subcellular 
domain or promoting the interaction with a cellular substrate. For example, nNOS 
normally colocalizes with PSD-95 in neurons and with cd -syntrophin in the skeletal 
muscle sarcolemma. In mutant mice expressing only a nNOS isoform lacking the 
PDZ domain, nNOS does not interact with PSD-95 and syntrophins, nor does it 
interact with plasma membranes, in the brain and skeletal muscle sarcolemma 
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(BRENMAN et al. 1996). These results suggest that the PDZ domain is necessary to 
recruit nNOS to specific protein complexes at the plasma membrane. The APe 
tumor suppressor, which is found at synapses and at the lateral membranes of 
colonic epithelial cells, may also be recruited in an analogous fashion (MATSUMINE 
et al. 1996). In fact, there are several potential signaling molecules listed in Table 1 
that may be recruited to potential targets or substrates in this way. The implication 
is that PDZ domains are involved in recruiting signaling proteins to protein 
complexes at the plasma membrane, and that this localization may be required for 
proper signal transduction. 

4.2 Possible Mechanisms of Transmembrane Protein Crosslinking 
by PDZ Domains 

There are several potential mechanisms by which PDZ-containing proteins like the 
MAGUKs might cluster their transmembrane targets (Fig. 4). One possibility 
(Fig. 4A) is that a protein with several PDZ domains could provide multiple 
binding sites for a particular transmembrane protein or combination of proteins. 
There are several examples of proteins with multiple PDZ domains (Table I). These 
include many of the MAGUKs, which have three PDZ domains, and the protein 
tyrosine phosphatase PTPBas, which contains six PDZ domains. However, only 
one of the six PDZ domains in PTPbas binds the Fas receptor in vitro (SATO et al. 
1995), and only one of the PDZ domains in MAGUKs like PSD-95 appears to have 
a high affinity for a particular ligand (KIM et al. 1995; KORNAU et al. 1995; MULLER 
et al. 1996). These observations make it difficult to imagine how a single protein like 
PSD-95 could crosslink two transmembrane proteins, unless crosslinking involved 
interactions of the other PDZ domains within the molecule with distinct trans
membrane proteins within the same complex. Another possibility is that proteins 
with PDZ domains form dimers. Each dimer would have two identical PDZ do
mains, making it possible to crosslink two transmembrane proteins. There is genetic 
evidence that the Drosophila DIg protein forms dimers (WOODS and BRYANT 1991), 
and immunoprecipitation assays suggest that PSD-95 dimerizes with PSD-93 (KIM 
et al. 1996) and that ZO-l forms dimers with ZO-2 (GUMBINER et al. 1991). When 
forming heterodimers new combinations of additional binding functions can be 
brought together. Such interactions can be quite specific, since yet another synaptic 
MAGUK called SAP97 does not dimerize with PSD-93 but can bind K + channels 
(KIM et al. 1996). Presumably this specificity is important in the molecular archi
tecture of synaptic complexes. 

A third possibility is that transmembrane proteins are crosslinked via linkages 
to the cortical cytoskeleton (Fig. 4C). This would be accomplished by coupling 
PDZ domains to cytoskeletal binding motifs within the same polypeptide. In this 
way the PDZ domain would serve as the transmembrane linkage within a protein 
that can also interact with the cortical cytoskeleton. Several examples of this type 
protein already exist. For example, the erythrocyte membrane protein p55 and hdlg 
have been shown to bind directly to the actin-binding protein band 4.1 (MARFATIA 
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Fig. 4A-C. Three models for PDZ domain mediated organization of transmembrane proteins at the 
plasma membrane. In model A there are multiple functional PDZ domains in each MAGUK (box) which 
can bind to and crosslink one or more transmembrane proteins (ovals). In model B the oligomerization of 
a MAGUK enables crosslinking of a transmembrane protein that binds to only one specific PDZ domain 
within a MAG UK. In mpdel C transmembrane proteins are crosslinked to the cortical cytoskeleton (lines 
and shaded ovals) via MAGUKs. Experimental evidence suggests that a combination of all three models is 
involved in the organization of subcortical domains. Shaded box, PDZ domain; black box, SH3 domain; 
diagonal hatching, GuK domain (figure used with permission from FANNING et al. 1996) 

et al. 1996; LUE et al. 1996). Protein 4.1 is a member of the ERM family of tyrosine 
kinase substrates, which includes ezrin, radixin, moesin, and the product of the 
neurofibromatosis type 2 gene (TROFATTER et al. 1993). Protein 4.1 binds directly to 
spectrin-actin complexes and links these proteins to the plasma membrane via an 
association with the transmembrane protein glycophorin C. Since both p55 and 
hdlg also interact with transmembrane proteins via their PDZ domains, their in
teraction with band 4.1 would link these transmembrane proteins to the cortical 
cytoskeleton. PTPHI and PTPMeg, tyrosine phosphatases that contain PDZ 
domains, also possess a domain similar to the region in the ERM proteins that 
mediates interactions with the cortical cytoskeleton, suggesting that they also may 
associate with the cytoskeleton (YANG and TONKS 1991; Gu et al. 1991). Another 
group of PDZ containing proteins, the syntrophins, bind directly to the cyto
skeletal protein dystrophin (AHN et al. 1996). Dystrophins interact with actin to 
form a specialized cytoskeletal array at the plasma membrane of muscles and 
synapses. 

The reality, however, is that all three models are probably relevant. The for
mation of a complex cortical structure like a synapse or a tight junction probably 
involves linkages between many different transmembrane proteins as well as pro
teins of the cortical cytoskeleton. Not infrequently, PDZ proteins contain several 
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other domains which mediate protein-protein interactions, such as SH3 domains, 
the GuK domian (KIM et al. 1997), and LIM domains. It is likely that these 
domains also contribute to the organization of plama membrane domains by cre
ating linkages to other components of the cell cortex. 

4.3 Regulation of PDZ-Mediated Interactions 

Recent speculation has surrounded the question of whether the interactions ofPDZ 
domains with their ligands can be regulated. Several PDZ domains have been 
shown to bind ATP, but this interaction does not appear to affect the in vitro 
binding of these domains to their peptide ligands (KISTNER et al. 1995; MARFATIA 
et al. 1996). Binding of many modular domains, i.e., PTB and SH2 domains, is 
promoted by tyrosine phosphorylation of their targets. However, one example 
already suggests phosphorylation interrupts binding to PDZ domains (COHEN et al. 
1996). These investigators demonstrated that the inwardly rectifying K + channel 
Kir 2.3, which ends in the residues RRESAI, binds in vitro and in vivo to the PDZ2 
domain of PSD-95. The Ser-440 residue within the C-terminal PDZ-binding is also 
a consensus site (RRXS) for phosphorylation by protein kinase A. In Kir-trans
fected fibroblasts activation of protein kinase A results in phosphorytaion of Ser-
440, dissociation of the channel from PSD95, and inhibition of K + conductance. 
Mutation of Ser-440 to Ala eliminates the effects of PKA. These results imply 
binding of Kir 2.3 to PSD-95 not only clusters the channel but bestows PKA 
sensitivity to channel conductance. Given that many PDZ domain targets include a 
Ser, Thr or Tyr residue which could be phosphorylated, this may turn out to be a 
general mechansim to regulate binding. 

5 Conclusions and Speculations 

PDZ domains are an evolutionarily ancient form of protein-binding module. An 
important use of their binding function has been to organize signaling and cyto
skeletal networks on the cytoplasmic surface of the plasma membrane. The fre
quent concatenation of PDZ domains and occasional ability to dimerize both 
contribute to their ability to cluster target proteins into functional domains. Their 
occasional coexpression with motifs which bind cytoskeletal proteins further en
hances this function. An area for further research will be to define if PDZ domains 
are more than just a form of protein glue. Does binding ever induce an allosteric 
regulatory effect on the target protein? Is binding regulated? These seem reasonable 
questions given that the binding targets often express enzymatic or ion channel 
activity. These speculations are encouraged by the observation that PKA regulates 
conductance of the Kir channels through binding the PDZ domain of PSD95. 
Oddly, all PDZ interactions so far identified involve binding to either an integral 
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protein on the plasma membrane or recruitment of a soluble protein to the plasma 
membrane. It is not obvious why PDZ domains could not be used to organize 
cytosolic or organellar complexes and this remains an area for investigation. 

PDZ domains bind to distinct C-terminal peptide motifs, and we can begin to 
rationalize the basis for specificity. For example a hydrophic side chain at the 
extreme C-terminus of the target motif appears a universal requirement. Already 
two general subclasses of PDZ domain can be defined, namely those recognizing 
either Ser/Thr or a hydrophobic side chain at position -2 from the C-terminus. 
However, given the great diversity in primary sequences among PDZ domains it 
seems likely that many more subclasses exist whose target motifs remain to be 
defined. 

We predict extensive use of PDZ domain-containing proteins organizing 
proteins on the plasma membrane. They may even be involved in establishing cell 
polarity. Searching the protein database for potential C-terminal ligands has al
ready revealed an extensive list of potential targets for the defined specificities. In 
addition, many PDZ domains probably have highly divergent target peptides 
whose sequence we cannot even guess at. Much work remains to identify these new 
motifs and the structural basis for their recognition, as well as the structural basis 
for recognizing internal motifs and dimerization to other PDZ domains. 
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Transforming growth factor ~ (TGF~) was initially identified based on its ability 
to induce the anchorage-independent growth of normal rat kidney fibroblasts 
(ROBERTS et al. 1981). It is now apparent that TGF~ is the founding member of a 
superfamily of growth and differentiation factors that includes almost 40 members 
from animals as diverse as C. elegans, Drosophila and humans. The superfamily is 
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generally subdivided into three groups, the prototypic TGF~s, the activins and the 
bone morphogenetic proteins (BMPs). However, with new members constantly 
being identified these divisions are becoming increasingly difficult to define. Nev
ertheless, the study of the biology of this large family has provided us with some 
interesting and surprising insights into how these factors can regulate a staggering 
array of diverse developmental and physiological processes. In addition, major 
advances have been made in elucidating the mechanism of signaling by TGF~-like 
factors. In this review we will focus on recent developments in our understanding of 
TGF~ signaling and on the multiple roles these factors play in controlling inductive 
interactions and patterning during development. 

2 Mechanisms of Signal Transduction 

2.1 The Ligands 

The mature, biologically active forms of TGF~ superfamily members are typically 
homodimers of two cysteine-rich, 12-15 kDa subunits, linked by a single disulfide 
bond. These ligands are synthesized as part of a larger inactive precursor. Release 
of the biologically active C-terminal portion of this precursor occurs at a charac
teristic tetrabasic cleavage site and is mediated by furin proteases (GENTRY et al. 
1988). The amino terminal proregion is not required for the biological activity of 
the factors, but plays a role in mediating the correct folding and dimerization of the 
mature regions and is required for efficient proteolytic processing at the tetrabasic 
site. Some members of the TGF~ superfamily are constitutively and efficiently 
processed in most cells and are secreted in a biologically active form. However, 
there are exceptions to this, and many of these factors are processed very poorly. A 
notable example is the Xenopus ligand, V gl, whose inefficient processing has led to 
the suggestion that specific, developmentally regulated pathways are required for its 
secretion in an active form (DALE et al. 1993; THOMSEN and MELTON 1993). Since 
correct processing of TGF~ factors is necessary for their biological activity, regu
lation at this level could provide an important point for controlling activity of the 
secreted factors. 

2.2 The Receptors 

Members of the TGF~ superfamily signal through a conserved family of trans
membrane ser/thr kinase receptors, all of which have a characteristic structure that 
includes a short, cysteine rich extracellular domain, a single transmembrane do
main and an intracellular serine/threonine kinase domain (reviewed in ATTISANO 
and WRANA 1996; MASSAGUE and WEIS-GARCIA 1996; MIYAZONO et al. 1994). 
Many of these receptors have now been identified in a wide variety of vertebrates 
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and invertebrates including humans, mouse, Xenopus, C. elegans and Drosophila. 
Functional characterization and comparison of their primary amino acid sequence 
indicates that these receptors can be divided into two classes, the type I and the type 
II receptors. The type I receptor class is distinguished by a highly conserved se
quence known as the "GS domain," which contains a repetitive glycine-serine motif 
and is located between the transmembrane and kinase domains. The kinase do
mains of type I receptors are relatively well conserved, while the type II receptors 
possess more distantly related kinase domains. In addition, the type II receptor has 
a C-terminal extension which is rich in serine and threonine and, in the case of the 
mammalian BMPRII and C. elegans DAF4, can be quite large (LIU et al. 1995; 
NOHNO et al. 1995; ROSENZWEIG et al. 1995). It is not clear what role this region 
plays, since it does not seem to be required for type II receptor function (WIESER 
et al. 1993). In addition to these signaling receptors, TGFp binds to two other 
transmembrane proteins, beta glycan (or type III receptor) and endoglin (reviewed 
in A TTISANO et al. 1994). In the case of betaglycan, this binding may playa role in 
controlling access of the TGFp2 isoform to the signaling receptors (LIN et al. 1995; 
LOPEZ-CASILLAS et al. 1993). The role of endoglin in TGFp signaling is less clear. 
This protein bears some sequence similarity with betaglycan, is expressed at high 
levels on endothelial cells and when overexpressed in a monocyte cell line can 
modulate TGFp-responsiveness (LASTRES et al. 1996). However, both endoglin and 
the orphan receptor, TSRI (ALK1), are mutated in hereditary hemorrhagic tel
angiectasia (JOHNSON et al. 1996; McALLISTER et al. 1994), suggesting that endoglin 
may fulfill functions in a TGFp-independent pathway. 

Considerable biochemical and genetic data have shown that signaling by 
TGFp-like factors occurs through heteromeric complexes of type II and type I 
ser/thr kinase receptors. For instance, in mink lung epithelial cells lacking either 
component of the TGFp heteromeric receptor complex, signaling is abolished 
(CARCAMO et al. 1994; WRANA et al. 1992). Furthermore, studies in Drosophila 
show that signaling by DPP (an ortholog of mammalian BMP2) requires both 
receptor II (PUNT) and receptor I (TKV) (BRUMMEL et al. 1994; LETSOU et al. 
1995; NELLEN et al. 1994; PENTON et al. 1994; RUBERTE et al. 1995) and in mam
malian cells, BMP signaling similarly occurs through a complex of type II and type 
I receptors (HOODLESS et al. 1996; LIU et al. 1995; YAMASHITA et al. 1995). Thus, 
heteromeric complexes of type II and type I receptors appear to be a general 
requirement for signaling by the TGFp superfamily. 

Studies on TGFp and activin signaling have provided a mechanistic under
standing of how the type II and type I kinase domains interact to initiate signaling 
(ATTISANO et al. 1996; CHEN and WEINBERG 1995; CHEN et al. 1995; SOUCHELNYT
SKY I et al. 1996; WRANA et al. 1994a). In the absence of ligand, both type II and type 
I receptors appear to exist as independent homomers on the cell surface (reviewed in 
TEN DUKE et al. 1996). Heterotetrameric complex formation is initiated when ligand 
binds to receptor II, which then leads to recruitment of receptor I. Receptor II, 
which is a constitutively active kinase, then phosphorylates receptor I on serine and 
threonine residues within the 'GS domain: which is found in all type I receptors 
(SOUCHELNYTSKYI et al. 1996; WIESER et al. 1995; WRANA et al. 1994a). Once 
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phosphorylated, receptor I is activated to signal to downstream targets (Fig. lA). 
The recent demonstration that MADR2 is a substrate of the TGF~ receptor (see 
below), and that phosphorylation is mediated by the type I kinase, highlights the 
critical role this receptor plays in activating intracellular signaling pathways. 

The downstream position of receptor I has important implications when the 
response of cells to TGF~-like factors is considered. For example, the TGF~ and 
activin type I receptors (T~RI and ActRIB, respectively), which have kinase do
mains that are over 90% identical, mediate common biological responses to their 
respective ligands (CARCAMO et al. 1994). Furthermore, BMP receptor complexes 
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Fig. lA, B. TGF~ superfamily signaling through ser/thr kinase receptors. A Schematic representation of 
the general mechanism of activation of ser/thr kinase receptors. Ligand (diamond) induces formation of a 
heterotetrameric complex of type II receptors (II) and type I receptors (I). The kinase of type II phos
phorylates the GS domain (black box), activating the type 1 receptor kinase, which signals to downstream 
targets (MADR proteins). B Combinatorial nature of heteromeric serjthr kinase receptor complexes. 
Mammalian and Drosophila type II receptors (dark box) can interact with and activate a number of type I 
receptors (light box) to generate a variety of heteromeric complexes. Ligands known to interact with these 
receptor complexes are shown (white box). The ligand and type II receptor for the recently identified type 
I receptor, ALK7, are unknown. (RYDEN et al. 1996; TSUCHIDA et al. 1996) 
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that contain either ALK3 or ALK6, which also have highly related kinase domains, 
similarly activate a common BMP-specific signaling pathway (HOODLESS et al. 
1996). Thus, the type I receptor plays a central role in defining the nature of the 
biological response to ligand. 

Although some ser/thr kinase receptors appear to bind a limited subset of 
ligands, others can bind multiple members of the TGF~ superfamily. T~RII and 
T~RI appear to be quite specific, interacting with and transducing signals only for 
TGF~I, 2 and 3 (WRANA et al. 1992). In contrast, the type II receptors ActRII and 
ActRIIB appear to be capable of binding activin, BMP2, BMP7, GDF5 and likely 
many other members of the superfamily (reviewed in ATIISANO and WRANA 1996). 
Moreover, depending on the ligand that is involved, recruitment of different sets of 
type I receptors leads to the formation of distinct receptor complexes that mediate 
distinct biological responses. Thus, BMP2-induced formation of complexes be
tween ActRIIB and either ALK3 or ALK6 mediates BMP signaling (HOODLESS 
et al. 1996), while activin induces the same type II receptor to associate with 
ActRIB to initiate activin signaling (ATTISANO et al. 1996; TSUCHIDA et al. 1995). 
Surprisingly, this feature is conserved in Drosophila receptors where PUNT, a 
type II receptor, can associate with ATRI, TKV and SAX (WRANA et al. 1994b; 
LETSOU et al. 1995), suggesting that this characteristic may playa functional role in 
TGF~ signaling. This mixing and matching of different type II and type I receptors 
leads to a combinatorial model for ligand-receptor interaction (Fig. 1 B). It will be 
interesting to see whether any of the opposing effects often observed for activins 
and BMPs during early development are mediated in part through their interaction 
with shared receptors. 

2.3 GDNF 

Glial-derived neurotrophic factor (GDNF) is a distant relative of TGF~ and is a 
potent survival factor for central and peripheral neurons. GDNF provides a no
table exception to the general observation that members of the TGF~ superfamily 
signal through serine/threonine kinase receptors. In the course of identifying re
ceptors for GDNF, several groups identified a novel glycolipid-anchored receptor 
known as GDNFR-O! (JING et al. 1996; TREANOR et al. 1996), which, together with 
the orphan tyrosine kinase receptor Ret, appears to form a functional GDNF 
receptor complex (DURBEC et al. 1996; JING et al. 1996; TREANOR et al. 1996; TRUPP 
et al. 1996). These findings were particularly surprising on two accounts. Not only 
is this the first example of a TGF~-like factor signaling through a tyrosine kinase 
receptor, but it is also the first example of a tyrosine kinase receptor that requires a 
glycolipid-anchored receptor component (GDNFR-O!) to bind ligand. It would 
certainly be intriguing if other members of the TGF~ superfamily, which are known 
to signal through ser/thr kinase receptors, were also found to signal through ty
rosine kinase receptors. Alternatively, GDNF and the recently identified ligand 
neurturin (KOTZBAUER et al. 1996) may represent the prototypic members of a new 
family of factors that signal through a distinct receptor system. 
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2.4 The Signaling Pathways 

In the search for intracellular components of the signal transduction pathway, 
many proteins have been identified by yeast two-hybrid screens using the receptors 
as bait. These include TGF~-receptor interacting protein-I (TRIP-I), farnesyl 
transferase-ex (FT-ex), apolipoprotein Ijclusterin and FK506jrapamycin binding 
protein (FKBPI2) (reviewed in ATTISANO and WRANA 1996). However, while these 
proteins may playa regulatory role in receptor function, there is little evidence to 
indicate that they are required for signaling by TGF~ ligands. In constrast, using 
genetic screens, two components have been identified which may be directly in
volved in signal transduction: a MAP kinase kinase kinase, TAK-l, and its putative 
regulator, TAB-I, and the family of proteins related to the Drosophila gene Mothers 
against dpp (MAD). 

2.4.1 TAK-l/TAB-l 

TAK-I (TGF~-activated kinase) was identified in a yeast screen for novel mam
malian components of mitogen-activated protein kinase (MAPK) cascades (YAM
AGUCHI et al. 1995). The potential role of TAK-I as a mediator of TGF~ signaling 
is suggested by the observation that an activated form of TAK-I, in which the 
N-terminal 22 amino acids are deleted, induces expression of a TGF~-responsive 
promoter, while a kinase-deficient version of TAK-I blocks TGF~-dependent re
sponses. In addition, the kinase activity of TAK-I, measured in vitro using an 
exogenous substrate, is activated by TGF~ but not EGF, further supporting a 
putative role for TAK-l in TGF~ signal transduction. However, since TAK-l 
activity is also modulated by BMP4, the role of this factor in maintaining specificity 
in response to different ligands is unclear. More recently, a T AK -1 associated 
protein, TAB-I, was cloned using a yeast two-hybrid system (SHIBUYA et al. 1996). 
This protein activates TAK-l by directly binding to its catalytic domain and can 
also affect gene induction by TGF~. Together, TAK-l and TAB-l may function in 
TGF~ signaling. 

2.4.2 MAD-Related Proteins 

While the role of TAK-I in TGF~ signal transduction remains to be fully eluci
dated, it is now evident that MAD-related (MADR) proteins (also known as Smad 
proteins) playa critical role in the signal transduction pathways of the TGF~ 
superfamily. The first family member, the Drosophila Mothers against dpp gene 
(Mad), was identified, along with a second locus Medea, in a screen for maternal 
effect enhancers of mutations in dpp (RAFTERY et al. 1995). Dorsal-ventral pat
terning and imaginal disk defects resulting from mutations in dpp were enhanced in 
Mad or Medea loss of function mutations, suggesting that these genes encode rate
limiting components required for DPP signaling. Mad homozygous mutants exhibit 
defects in dorsal-ventral patterning, imaginal disk development and midgut mor
phogenesis reminiscent of dpp mutant phenotypes (SEKELSKY et al. 1995). More-
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over, MAD is required for DPP function specifically in the cells which respond to 
DPP, indicating that MAD is a component of the DPP signal transduction pathway 
(NEWFELD et al. 1996). Further evidence in Drosophila was supplied by studies 
involving a constitutively active DPP type I receptor, TKV. Ectopic expression of 
activated TKV in wing imaginal disks yielded a mutant wing phenotype (HOODLESS 
et al. 1996). This mutant phenotype could be suppressed in flies which were het
erozygous for null alleles of Mad, conclusively placing MAD downstream of the 
receptor. This was supported by similar experiments in which mutations of Mad 
were able to rescue eye defects resulting from expression of activated TKV using an 
eye specific promoter (WIERSDORFF et al. 1996). 

Three related homologues of MAD, sma-2, sma-3 and sma-4, have been 
identified in C. elegans (SAVAGE et al. 1996). Mutations in these three genes yield a 
phenotype similar to that observed in mutants of the type II receptor gene daf-4. 
The DAF-4 receptor, which likely binds a BMP-like ligand, functions in dauer 
larvae formation and in the development and morphogenesis of the male tail rays. 
Identification of mutants in male tail morphology led to the cloning of the three 
sma genes all of which are essential for tail ray development, suggesting that these 
genes are components of the DAF-4 signaling pathway. This observation is bol
stered by mosaic analysis which indicates that sma-2 is required in the same cell as 
DAF-4 (SAVAGE et al. 1996). 

Several vertebrate homologues of Mad have now been identified in human, 
mouse, rat and Xenopus (reviewed in DERYNCK and ZHANG 1996, MASSAGUE 1996, 
WRANA and ATTISANO 1996). The first human homologue, DPC4 (or MADR4), 
was identified as a candidate tumor suppressor gene involved in pancreatic cancer 
(HAHN et al. 1996), while mouse MADR2 was cloned in a functional screen in 
Xenopus to identify mesoderm inducers (BAKER and HARLAND 1996). At present, 
at least six distinct MADR proteins (MADRI through 6) have been reported in 
vertebrates, although other members are likely to exist (DERYNCK and ZHANG 
1996; MASSAGUE 1996; WRANA and ATTISANO 1996). Sequence comparisons of 
this family indicates the presence of three distinct domains, a highly conserved 
amino-terminal MHI domain (for MAD homology I), a highly conserved car
boxy-terminal MH2 domain and a central, divergent, nonconserved region 
(Fig. 2A). Analysis of the sequence of MADR proteins reveals that there are no 
known structural motifs. However, all mutations identified in Drosophilia, C. 
elegans and human cancers map to highly conserved residues within the MH 
domains, indicating that these regions are critical to the function and regulation of 
the protein (EpPERT et al. 1996; HAHN et al. 1996; RIGGINS et al. 1996; SAVAGE 
et al. 1996; SEKELSKY et al. 1995). Closer analysis indicates that MADR proteins 
in vertebrates can be paired, based on amino acid sequence homology, with 
MADRI and MADR5 (Dwarfin C) comprising a pair which are 90% identical 
and MADR2 and MADR3 forming a second pair which are 91.5% identical. 
DPC4 is more distantly related to the other family members, sharing only 42% 
amino acid identity with MADRI and 45% with MADR2. In addition, MADR2 
possesses two inserts in the MHI domain while DPC4 contains an insert in the 
MH2 domain (Fig. 2A). 
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2.4.3 Ligand Specific Regulation of MADR Proteins 

While the amino acid sequence of MADR proteins offers no clues as to how these 
proteins function in mediating intracellular signaling, biochemical studies have 
shown that MADR proteins are rapidly phosphorylated in response to ligand 
(EpPERT et al. 1996; HOODLESS et al. 1996; NAKAO et al. 1997; YINGLING et al. 1996; 
ZHANG et al. 1996). This phosphorylation occurs primarily on serine residues in a 
single tryptic peptide (EpPERT et al. 1996; HOOD LESS et al. 1996; MACiAS-SILVA et al. 
1996). Remarkably, this phosphorylation is highly specific. Thus, phosphorylation 
of MADRI has only been observed in response to BMP signaling through ALK3 
and ALK6 (HOODLESS et al. 1996), while MADR2 is phosphorylated by TGF~ or 
activin signaling through T~RI and ActRIB, respectively (Fig. 2B, EpPERT et al. 
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Fig.2A, B. MAD·related (MADR) proteins. A Schematic representation of the structure of MADR 
proteins. The position of the MH I (light box), MH2 domain (dark box) and the nonconserved linker 
domain (NC, white box) is shown. The presence of amino acid inserts in the MH I domain of MADR2 and 
the MH2 domain of DPC4, relative to other MAD R proteins, are indicated (vertical black lines). The 
amino acid sequence of the C·terminus of MADR2 and position of the phosphorylated serine residues 
within this sequence (asterisks) is shown. B Specific function of MADR proteins in TGFp signaling. 
MADR proteins are grouped according to structural and functional characteristics. The prototypic 
Drosophila Mad which functions in DPP signaling and the highly related mammalian proteins MADRI 
and MADR5 all signal in BMP pathways. In contrast, the highly related mammalian MADR2 and 
MADR3 proteins function in activin/TGFp signaling pathways. DPC4 is more distantly related and may 
function in both pathways. MADR6, which has no MHI or non conserved region, was identified in an 
EST search and its function in signaling is not known 
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1996, LAGNA et al. 1996, NAKAO et al. 1997). The observation that both activin and 
TGF~ were able to induce phosphorylation of MADR2 supports previous obser
vations that suggested these two ligands signal through highly related type I re
ceptors to activate common intracellular pathways and common biological 
responses (ATTISANO et al. 1996; CARCAMO et al. 1994). The studies on the regu
lation of MADR protein phosphorylation also showed that a point mutation in 
MADRI that corresponds to a null allele of Mad in Drosophila is not phosphor
ylated in response to BMP2 (HOOD LESS et al. 1996). Furthermore, nonfunctional 
mutants of MADR2 identified in colorectal carcinomas also fail to be phosphor
ylated (EpPERT et al. 1996). Collectively, these results indicate that phosphorylation 
of MADRI or MADR2 in response to ligand is critical for protein function and 
signal transduction. 

The specific role of MADRI in BMP and MADR2 in activin/TGF~ signaling 
is supported by a number of functional studies. In Xenopus, overexpression of 
different MADR proteins is sufficient to initiate developmental signals that reca
pitulate the responses observed for their respective ligands. For example, expression 
of XMADI (the Xenopus homologue of MADRl) induces ventral mesoderm in 
ectodermal explant cultures similar to the effects of the ligands BMP2 and 4 
(GRAFF et al. 1996; THOMSEN 1996). Furthermore, expression of XMADI can 
rescue phenotypes generated by a dominant-negative BMP2/4 receptor, consistent 
with XMADI functioning in BMP2/4 signaling (GRAFF et al. 1996; THOMSEN 
1996). In contrast, expression of XMAD2 (the Xenopus homologue of MADR2) 
induces dorsal mesoderm, similar to that observed in response to the ligands ac
tivin, VgI or nodal (BAKER and HARLAND 1996; GRAFF et al. 1996). Studies like 
these also showed that Drosophila Mad and human homologues of XMADI and 
XMAD2 function similarly to their Xenopus counterparts, emphasizing the high 
degree of conservation observed in this pathway across diverse species (BAKER and 
HARLAND 1996; EpPERT et al. 1996; LIU et al. 1996; NEWFELD et al. 1996). 

In mammalian cells, differential regulation of transcription by MADR proteins 
has also been observed using the TGF~ and activin responsive promoter, 3TP, 
which combines portions of the plasminogen activator inhibitor (PAl-I) promoter 
with 3 TPA responsive elements. This promoter is highly responsive to TGF~ and 
activin, but responds poorly to BMPs. Consistent with this, 3TP is strongly acti
vated by MADR2 or MADR3, which are closely related to each other, but not 
MADRI (Y. CHEN et al. 1996; LAGNA et al. 1996; ZHANG et al. 1996). Interestingly, 
DPC4 seems to be able to synergize with MADR2 or MADR3 in activating this 
promoter, suggesting that MADR proteins may cooperate in signaling biological 
responses. However, this synergistic effect in some cell types is not ligand-depen
dent and may be due to overexpression. Nevertheless, in support of their functional 
cooperativity, MADR proteins have the potential to physically interact, forming 
homo- and heteromers. MADR3 and DPC4 exhibit strong hetero- and homomeric 
interactions in yeast two hybrid assays (ZHANG et al. 1996). In mammalian cells, 
DPC4 forms homomers and, upon stimulation by BMP4 or TGF~/activin, forms 
heteromeric complexes with MADRI or MADR2, respectively (LAGNA et al. 1996). 
Furthermore, expression of a dominant-negative form of DPC4, which has a small 
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C-terminal deletion, in Xenopus ectodermal explant cultures inhibits the induction 
of dorsal mesoderm by MADR2 and ventral mesoderm by MADR1 (LAGNA et al. 
1996), suggesting that DPC4 is required for both activin and BMP signaling 
(Fig. 2B). The functional role of DPC4 in these pathways and the significance of 
these physical interactions needs to be established. However, since DPC4 is 
structurally more distantly related, it may play a more general role in signal 
transduction by the TGF~ superfamily, while specificity is provided by the MADR 
protein with which it interacts. 

2.4.4 MADR Proteins are Substrates of the Activated Type I Receptor 

The regulation of MADR1 and MADR2 phosphorylation by BMP and TGF~/ 
activin signaling pathways, respectively, is tightly regulated. Recent studies have 
revealed that MADR proteins are direct substrates of ser/thr kinase receptor 
complexes. In mammalian cells, MADR2 and MADR3 interact directly with the 
TGF~ receptor complex (MACiAS-SILVA et al. 1996; ZHANG et al. 1996). The in
teraction of MADR2 is transient but is stabilized by a kinase-deficient version of 
the type I receptor and requires activation of T~RI by T~RII, indicating that 
association occurs through interaction with the type I kinase domain (MACiAS
SILVA et al. 1996). Furthermore, in vitro kinase assays using purified receptors 
demonstrated that these MADR proteins are direct substrates of the TGF~ re
ceptor complex and that phosphorylation is mediated by the activated type I re
ceptor. Mapping studies have localized the ligand-dependent phosphorylation site 
to within a 5 amino acid tryptic peptide at the C-terminal tail of MADR2 which 
contains three serine residues (Fig. 2A, MACiAS-SILVA et al. 1996). Mutation of 
these serines to alanine residues blocks phosphorylation and yields a mutant form 
of MADR2 that interacts stably with the receptor and functions in a dominant
negative manner in TGF~ signaling. Interestingly, DPC4 does not interact with the 
TGF~ receptor complex and is not phosphorylated in vitro (MACiAS-SILVA et al. 
1996; ZHANG et al. 1996). These results are consistent with the suggestion by LAGNA 
et al. (1996) that the function of DPC4 in TGF~ signaling is distinct from that 
fulfilled by receptor-targeted MADR proteins. 

2.4.5 MADR Proteins Function in the Nucleus 

MADR proteins do not contain any known protein motifs that may indicate their 
function in signal transduction. However, immunohistochemical localization of the 
proteins has indicated that MADRI and MADR2 are dispersed throughout the 
cells but accumulate in the nucleus in response to BMP and TGF~ signaling, 
respectively (HOODLESS et al. 1996; LIU et al. 1996; MAciAS-SILVA et al. 1996; 
BAKER and HARLAND 1996). This role is supported by immunolocalization studies 
in Drosophila which indicate that in the absence of signaling, MAD is localized to 
the cytoplasm (NEWFELD et al. 1996). Furthermore, studies in Xenopus demonstrate 
that in vivo a lacZ/MADR2 fusion protein is localized to the nucleus at the anterior 
portion of the axis, in a region in which activin, Vg1 and/or nodal are thought to 
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signal dorsal mesoderm induction (BAKER and HARLAND 1996). Receptor-depen
dent phosphorylation on the C-terminal serines is required for this nuclear local
ization since a phosphorylation site mutant of MADR2 fails to accumulate in 
response to TGF~ signaling (MACiAS-SILVA et al. 1996). Moreover, an N-terminal 
truncation of MADR2 that contains the MH2 domain and a small portion of the 
nonconserved domain is more active than full length MADR2 and is constitutively 
nuclear, suggesting that these proteins function in the nucleus. These latter studies 
further indicate that the MHI domain may play an inhibitory function by main
taining MADR proteins in the cytoplasm, possibly by association with cytosolic 
components (BAKER and HARLAND 1996). Saturation of this cytosolic inhibitor 
could lead to spurious entry of MADR proteins into the nucleus upon overex
pression, providing one possible explanation for the observation that overexpressed 
MADR proteins often signal in the absence of ligand. Interestingly, in contrast to 
MADR1 and MADR2, overexpression of MADR3 results in predominantly nu
clear localization and constitutive signaling in the absence of ligand (Y. CHEN et al. 
1996). 

Once in the nucleus MADR proteins may act as transcriptional activators. A 
fusion protein between MADRI and the DNA-binding domain ofGAL4 is able to 
induce a GAL4 promoter construct in a ligand-dependent manner, suggesting that 
MADR1 can act as a transcriptional activator (LIU et al. 1996). GAL4 fusions with 
the C-terminal half of MADR1 or the C-terminal portion of DPC4 are able to 
constitutively activate transcription (LIU et al. 1996) consistent with the observation 
that the downstream functions of MADR proteins are localized within the 
C-terminal domain and that removal of the inhibitory N-terminal domain can 
unmask these activities. 

2.5 The Nuclear Targets 

The search for downstream effectors molecules in the signal transduction pathways 
ofTGF~ superfamily members has led to the identification of two potential nuclear 
transcription factor targets, schnurri (SHN) and FAST-I. The schnurri gene was 
identified in Drosophilia screens for zygotic embryonic lethal mutations (NiisSLEIN
VOLHARD et al. 1984). The phenotypes of shn mutants are strikingly similar to that 
observed in mutants of dpp and of the DPP receptors tkv and punt, suggesting that 
these genes are involved in a common developmental pathway (ARORA et al. 1995; 
GRIEDER et al. 1995). Furthermore, mutations in shn affect many, although not all, 
aspects of DPP signaling including dorsal ectoderm and mesoderm patterning, 
morphogenesis of the midgut and dorsal closure (ARORA et al. 1995; GRIEDER et al. 
1995; STAEHLING-HAMPTON et al. 1995). Expression of shn is not dependent on dpp, 
tkv or punt, nor is the expression of tkv or punt dependent on shn, indicating 
that SHN does not act by regulating expression of these signaling components 
(ARORA et al. 1995). Cloning of shn has shown that the SHN protein is a member of 
the zinc finger family of transcription factors with seven zinc fingers and an asso
ciated acidic domain which could function as a transcriptional activation domain 
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(ARORA et al. 1995; GRIEDER et al. 1995; STAEHLING-HAMPTON et al. 1995). SHN is 
most closely related to the human major histocompatibility complex-binding pro
teins 1 and 2 (MBPl, also known as HIV-EPI or PRDII-BFl, and MBP2, which is 
closely related to HIV-EP2) and kappa binding protein 1 (KBPl). Currently, little 
is known about the precise role that SHN plays in controlling DPP-responsiveness 
in Drosophila and the relationship, if any, that the related mammalian proteins have 
in signaling by TGF~ superfamily members. 

The second nuclear factor, FAST-l (forkhead activin signal transducer-I), was 
identified in Xenopus by its ability to bind to an activin responsive element (ARE) 
found in the promoter region of the gene Mix.2 (X. CHEN et al. 1996; HUANG et al. 
1995). The ARE mediates an immediate early response to activin and comprises a 
50-bp segment which can bind FAST -1 in electrophoretic mobility shift assays. 
FAST-l contains a winged helix DNA binding domain but otherwise has no se
quence similarity to any other proteins. In the absence of signaling, FAST -1 binds 
constitutively to the ARE, but in the presence of activin it assembles into a higher 
order complex, termed the ARF (activin responsive factor). Significantly, this ARF 
contains MADR2 in addition to FAST-l and possibly other components, but does 
not contain MADRl. Moreover, FAST-l is constitutively nuclear, convincingly 
demonstrating that MADR2 can function in the nucleus by interacting with nuclear 
targets to potentially regulate transcriptional activation. Thus, in the case of Mix.2 
regulation, FAST -1 provides a link between activation of the receptor and tran
scriptional events in the nucleus. Since no homologues of FAST-l have yet been 
identified, whether all signaling by TGF~ superfamily members occurs through 
FAST-l and FAST-I-like molecules remains to be determined. 

2.6 A Model for TGF~ Signaling 

The wealth of data that has recently emerged on TGF~ and BMP signaling has 
allowed the synthesis of a general model for MADR proteins in ser/thr kinase 
receptor signaling (Fig. 3). This model is most completely described for the case of 
TGF~ signaling through MADR2. Ligand-dependent activation of the TGF~ re
ceptor results in activation of receptor I. Activated receptor I is recognized by 
MADR2, which then associates with the receptor. MADR2 serves as a direct 
substrate of the type I receptor kinase and is phosphorylated on the C-terminal 
serines. This leads to dissociation of MADR2, ligand-dependent complex forma
tion with DPC4, nuclear accumulation of the complex and association with targets, 
such as FAST -1, to ultimately activate expression of target genes. It is important to 
note that several aspects of this model remain speculative. In particular, the sub
cellular localization of DPC4, its association with FAST-l and the determinants 
that mediate association with MADR2 have not been reported. Mammalian ver
sions of FAST -1 have yet to be reported. In addition, direct interaction between the 
BMP receptors and MADRI or MADR5 has not been demonstrated thus far and 
nuclear targets for these proteins have not been identified. Nevertheless, it seems 
likely that the example of MADR2 provides a general mechanism for under-
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MADR2 

....... · NH1 

DPC4 w ..
~\-------Nucleus 

/ 

Mrx.2 

Fig. 3. A model ofTGF~ signal transduction. Activation of the receptors by TGF~ leads to recruitment 
of MADR2, which is phosphorylated by the type I receptor on the C-terminal serine residues. This leads 
to dissociation of phosphorylated MADR2 from the receptor complex, followed by association with 
DPC4 and nuclear accumulation. In the nucleus, heteromeric complexes of MADR2 and DPC4 then 
associate with DNA binding proteins, such as FAST· I , to activate the transcription of target genes 

standing how the TGF~ superfamily signals biological responses through MADR 
proteins. 

At our current level of understanding, the role of MADR proteins in signaling 
directly from the receptor to the nucleus presents some significant differences 
compared to other mechanisms of transmitting cell surface signals. In particular, 
the apparent lack of an enzymatic activity for MADR proteins provides little 
opportunity for the cell to amplify TGF~ signals. Combined with the short length 
of the pathway and the high degree of specificity this could function to provide the 
nucleus with a precise and sensitive readout of the concentration of ligand present 
in the extracellular environment. Since small changes in the concentration of 
TGF~·like factors such as activin can alter cell fate decisions, the precision afforded 
by this type of pathway may be crucial in allowing cells to respond appropriately 
within a morphogenetic gradient during development. 
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3 Biology of TGFp Signaling 

The TGF~ superfamily of growth factors has a staggering array of diverse effects 
on cell biology depending on the type of cell, its environment and its state of 
differentiation. These responses range from cell proliferation, cell cycle inhibition, 
expression of extracellular matrix proteins, morphogenetic movements, apoptosis 
and induction of differentiation. The role of these factors in development is one of 
the most rapidly expanding areas in TGF~ research and provides insight into the 
distinct functions of this family of growth factors. It is now evident that members of 
this family are involved in the very early proliferative and inductive events that 
occur at gastrulation to establish the basic body plan of the embryo (reviewed in 
HARLAND 1994, HOGAN 1996, SLACK 1994). In addition, later during embryogen
esis, various TGF~ superfamily ligands have been implicated in the epithelial
mesenchymal interactions required for the development of many organs and tissues 
of the embryo. This research has revealed that the same members of this family are 
commonly "reused" at different stages and locations during embryogenesis and in 
many cases induce very different responses. 

While many of the advances in vertebrate development have come from studies 
in Xenopus laevis, advances in mouse genetics, in particular analysis of "knockout" 
mice, has recently provided insight into the role of TGF~ superfamily members in 
mammalian development. Table 1 provides a list of mutations generated in ligands 
or in components of the signaling pathways of the TGF~ superfamily. In com
parisons with the expression patterns, the resulting mutant phenotype has, in many 
cases, provided some surprises. For example, BMP7 is expressed during the early 
stages of gastrulation in the node and notochord (LYONS et al. 1995). However, 
mice mutant in BMP7 have no defects in gastrulation but die as a result of ab
normal kidney development (DUDLEY et al. 1995; Luo et al. 1995). This disparity 
between expression pattern and mutant phenotypes is commonly observed for the 
TGF~ superfamily and is possibly due to the redundancy in many TGF~-like 
factors. In addition, mutations in the ligand often do not have the same phenotype 
as mutants in the corresponding receptor. This is likely due to the capacity of some 
receptors to bind multiple TGF~-like factors (Fig. 1). The Mullerian-inhibiting 
substance (MIS) ligand-receptor system stands in stark contrast to these general 
observations. MIS is expressed in the fetal testis and is responsible for the regres
sion of the Mullerian ducts, the precursor of the female reproductive organs. Male 
mice deficient in MIS develop both male and female reproductive organs (BEH
RINGER et al. 1994). Furthermore, mice deficient in the MIS type II receptor are 
phenotypically identical to the MIS ligand-deficient mice and the MIS ligand/MIS 
receptor double mutants are indistinguishable from the single mutants (MISHINA 
et al. 1995). These experiments indicate that MIS receptor may be the only func
tional type II receptor for MIS in vivo and that this ligand/receptor combination 
functions in a pathway required for Mullerian duct regression. 

Research into the role of TGF~ family members and their signaling pathways 
has contributed to a greater understanding of many developmental processes. A 
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complete discussion of the role of these ligands in development is beyond the scope 
of this review. However, recent investigations in the areas of gastrulation and limb 
development have led to major advances in our understanding of the in vivo re
lationships between TGF~ family members and serve to illustrate the diverse and 
important functions these ligands fulfill during development. 

3.1 Gastrulation 

Gastrulation involves the process by which the three primary germ layers, the 
ectoderm, the mesoderm and the endoderm, are formed and patterned to establish 
the basic body plan of the embryo. The ectodermal derivatives give rise to the 
neural tube and epidermis, the mesoderm forms the muscular, skeletal, circulatory, 
and excretory systems, and the endoderm forms the gut tube. It is now evident that 
members of the TGF~ family are essential in patterning all three embryonic axes 
established during gastrulation, anterior-posterior (A-P), dorsal-ventral (0-V) and 
left-right (L-R). 

3.1.1 TGFp Superfamily in Xenopus Gastrulation 

For many years, biologists have searched for the primary signals required for 
mesoderm induction and formation of the "organizer." The organizer is a region of 
dorsal mesoderm which can drive gastrulation movements and induction of ner
vous tissue when explanted on the ventral side of the embryo, resulting in the 
formation of a second axis (reviewed in LEMAIRE and KODJABACHIAN 1996). Many 
factors such as Wnts and FGFs have been implicated in the induction of mesoderm. 
However, a critical role for signaling by TGF~ family members during Xenopus 
gastrulation was illustrated by experiments using a dominant-negative activin type 
II receptor, tAR (the Xenopus homologue of ActRIIB), which contains a trans
membrane domain but lacks a kinase domain. Overexpression of this receptor, 
which binds multiple members of the TGF~ superfamily, blocks signaling by 
BMPs, Vgl and possibly other ligands (HEMMATI-BRIVANLOU and MELTON 1992; 
HEMMATI-BRIVANLOU and THOMSEN 1995; SCHULTE-MERKER et al. 1994). Signifi
cantly, expression of tAR in Xenopus blocks mesoderm induction, indicating the 
importance of TGF~-like factors in early develoment. Studies using specific 
members of the TGF~ superfamily such as activins, BMPs, Xnrs (nodal-related) 
and VgI have shown more directly that these proteins can regulate the early in
duction and patterning of the mesoderm and neural tube which occurs during 
gastrulation (reviewed in JONES et al. 1995, SLACK 1994). 

The first class of TGF~ family members extensively studied in mesoderm in
duction was the activins. Xenopus ectodermal explants, which will normally form 
epidermis when cultured in vitro, can be induced to form mesoderm and elongate 
into tube-like structures in response to activins. These induced explants contain 
dorsal mesoderm (notochord and muscle) and neural tissue, suggesting that activin 
has organizer activity (THOMSEN et al. 1990). Moreover, injection of activin mRNA 
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into the ventral side of a Xenopus embryo can induce a secondary body axis. Similar 
axial induction by activin has also been shown in chicks (MITRANI et al. 1990). 
While these observations demonstrate that activin can function in mesoderm in
duction and axial patterning, the role of activins as the endogenous primary signal 
for mesoderm induction is questioned. In Xenopus, only a small amount of ma
ternally deposited activin protein is present prior to the start of zygotic transcrip
tion, after the time that a primary mesoderm inducer is required. In addition, 
activin does not appear to be localized (reviewed in SLACK 1994). Despite these 
findings, expression of the extracellular domain of a type II activin receptor, which 
presumably can still bind ligand but cannot transduce signals, delays mesoderm 
induction (DYSON and GURDON 1997). This form of the receptor is likely to be 
secreted and blocks activin signaling but not Vgl, Xnrl, Xnr2 or BMPs, indicating 
that activin is required for normal mesodermal development. The ability of the 
embryos to recover later in development suggests that other factors can compensate 
for the early lack of activin signaling. Reconciliation of these contradictory data 
may be provided by the identification of two new members of the activin family, 
activin C and D (HOTTEN et al. 1995; ODA et al. 1995). In particular, activin D is 
maternally expressed and is present at low levels when mesoderm induction takes 
place but is not localized within the embryo (ODA et al. 1995). Interestingly, a 
similar delay in mesoderm induction was observed in Xenopus embryos injected 
with a dominant-negative form of DPC4, possibly reflecting a disruption of activin 
signaling (LAGNA et al. 1996). 

Currently, the most likely candidate for the endogenous mesoderm inducer is 
Vgl. Vgl is expressed maternally and is localized to the vegetal pole of the embryo, 
which is the appropriate time and place expected for a mesoderm inducer (WEEKS 
and MELTON 1987). V gl is also interesting since in Xenopus it appears to be present 
in an inactive form in the embryo due to inefficient processing of the ligand. This 
creates the possibility that V g 1 is regulated by post-translational mechanisms 
in vivo and that activation of the processing machinery permits specific activation 
of Vgl. Using a chimera between BMP4 and Vgl (BVgl) which is efficiently pro
cessed, Vgl can induce dorsal mesoderm in Xenopus ectodermal explants and can 
efficiently induce an ectopic secondary axis (DALE et al. 1993; THOMSEN and 
MELTON 1993). The recent identification of chicken Vgl (cVgl) has supported the 
role of Vgl as a mesoderm and axial inducer (SELEIRO et al. 1996). cVgl is ex
pressed in a region of the chick embryo known to contain the axial organizing 
activity. Moreover, grafts of cell pellets expressing cV gl can induce the ectopic 
formation of a complete primitive streak at the graft location, indicating that the 
functions of Vgl may be conserved in vertebrate development. 

Other possible mesoderm inducers from the TGF~ superfamily include the 
Xnrs. Xnrl and Xnr2, similar to Vgl, are localized in the vegetal pole in the 
blastula and during gastrulation become asymmetrically restricted to the marginal 
zone where mesoderm formation occurs. In addition, they have been shown to 
induce both ventral and dorsal mesoderm in ectodermal explant experiments and 
can dorsalize the ventral marginal zone (JONES et al. 1995; LUSTIG et al. 1996). 
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In contrast to activin, Vgl and Xnrs, all of which can induce dorsal mesoderm, 
the BMPs are able to induce and pattern ventral mesoderm (reviewed in HARLAND 
1994, HOGAN 1996). In the Xenopus embryo, ectopic overexpression of BMP4 can 
suppress dorsal axis formation and in ectodermal explants BMPs ventralize me
soderm induced by factors such as activin. Interestingly, while homodimeric BMPs 
can pattern mesoderm, they are themselves weak mesoderm inducers. In contrast, 
an alternative form of BMP, composed of a dimer of BMP4 and BMP7, strongly 
induces mesoderm, suggesting that heterodimeric BMPs may also play a role in 
inducing mesoderm in vivo (S. Nishimatsu and G. Thomsen, personal communi
cation). It will certainly be intriguing to determine how the signaling pathways 
activated by homodimeric vs. heterodimeric ligands might differ to elicit these 
distinct biological activities. Interestingly, another TGF~ superfamily member may 
playa role in the early patterning of the mesoderm. In embryos, anti-dorsalizing 
morphogenetic protein (ADMP) is restricted to the organizer region and the pos
terior neural floor plate (Moos et al. 1995). Paradoxically, ADMP expression is 
induced by dorsalizing factors, yet the protein appears to suppress dorsal and 
anterior structures. Thus, ADMP may function as a moderating factor within the 
organizer. 

Investigations of mesoderm induction in Xenopus have shown that activins, 
Vgl, Xnrs and BMPs have the capacity to induce and pattern mesoderm to gen
erate the complete range of dorsal and ventral cell fates that are typically assumed 
during embryogenesis. In addition to their role in induction and patterning of the 
mesoderm, the TGF~ superfamily may playa role in patterning the ectoderm. The 
first indication of this was provided by the observation that overexpression of the 
dominant-negative ser/thr kinase receptor, tAR, in ectodermal explant cultures 
induces neural tissue (HEMMATl-BRIVANLOU and MELTON 1994). As mentioned 
above, this form of the receptor disrupts signaling by multiple members of the 
superfamily, thus demonstrating that TGF~-like factors might function in the ec
toderm to block neural differentiation. This idea is supported by the observation 
that neural cell fates are induced when cells in the embryo are dissociated, a 
treatment that presumably disrupts signaling by endogenous TGF~-like factors 
(reviewed in HEMMATl-BRIVANLOU and MELTON 1997). Consistent with this con
clusion, treatment of dissociated ectodermal cells with BMP4 can inhibit this neural 
fate (WILSON and HEMMATl-BRIVANLOU 1995) and introduction of antisense RNA 
for BMP4 into ectodermal explants can induce neural markers (SASAI et al. 1995). 
Moreover, dominant-negative forms of BMP4 and BMP7, in which the cleavage 
site between the pro-region and the mature region of the ligands is destroyed, 
induce neural cells in ectodermal explants, supporting a specific function for en
dogenous BMPs in blocking neural induction (HAWLEY et al. 1995). 

Previous models of ectodermal patterning suggested that neural induction 
occurred secondary to mesoderm and was mediated by specific signals emanating 
from the organizer region of the embryo. However, the ability of neural tissue to 
form in the absence of mesoderm has led to the suggestion of an alternative model 
in which the neural cell fate is actually a default state for ectodermal cells (reviewed 
in HEMMATl-BRIVANLOU and MELTON 1997). The discovery of how organizer 
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molecules that induce neural differentiation function has resulted in a dramatic 
reconciliation of these apparently contradictory models (reviewed in THOMSEN 
1997). In particular, studies on noggin and chordin have shown that these two 
proteins, which are secreted by the organizer and are potent neural inducers, 
function as antagonists of BMP signaling by directly interacting with the ligands to 
prevent binding to the receptors (PICCOLO et al. 1996; ZIMMERMAN et al. 1996). In 
addition, follistatin which binds activin, and possibly other TGF~ family members, 
may also act in a similar way (HEMMATI-BRIVANLOU et al. 1994). Thus, the orga
nizer region may function to induce neural tissue in vivo by providing a source of 
secreted molecules that block BMP signaling in the adjacent ectoderm, thereby 
allowing neural differentiation to occur. These studies have also pointed to an 
emerging aspect of the organizer in controlling mesodermal patterning. Since the 
secreted factors described above are derived from the organizer, it seems likely that 
they may also function to protect this region of the embryo from the influence of 
ventralizing factors such as BMPs. Interestingly, genetic studies in Drosophila have 
shown that the short gastrulation gene (Sog) , which is structurally related to 
chordin, functions as an antagonist of DPP in a manner analogous to that de
scribed for noggin and chordin in Xenopus (HOLLEY et al. 1996). Together, these 
studies suggest that the use ofTGF~ antagonists may be a common mechanism for 
establishing dorsal-ventral body patterning in both vertebrates and invertebrates. 

3.1.2 TGFp Superfamily in Mammalian Gastrulation 

It appears that ectodermal and mesodermal patterning in the Xenopus embryo 
results from a complex balance between ventralizing signals such as BMPs, dor
salizing signals such as activins and Vgl, and inhibitors of TGF~ ligands, such as 
noggin, chordin and follistatin. While the models of gastrulation appear to be 
better understood in Xenopus, it is important to determine whether similar models 
hold true for mammalian development. During gastrulation, cells in the ectodermal 
layer delaminate, ingress through the primitive streak and differentiate into me
soderm. In recent years, knockouts of ligands and other components of the sig
naling pathways in mice have begun to provide insights into the role of TGF~ 
ligands in mammalian gastrulation. 

As in Xenopus, the importance of activin as a primary mesodermal inducer in 
early mammalian gastrulation is in question. Both activin A and B are not ex
pressed in the early mouse embryo until after gastrulation. Homologous recom
bination was used to generate a null mutation of activin B in mice. These animals 
were viable, although defects in eyelid development were present (V ASSALLI et al. 
1994). Furthermore, homozygous mutant females were able to bear live young 
which died within 24 h of birth. Together these results indicte that activin B is not 
required either zygotically or maternally for mesoderm formation. Activin A de
ficient mice die within 24 h of birth with abnormalities in mouth formation and a 
lack of whiskers, similarly indicating that a zygotic source of activin A is not 
required for mesoderm induction or gastrulation (MATZUK et al. 1995c). Double 
null mutants in both activin A and B display a phenotype which is the combination 
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of the two single mutants, eliminating the possibility that zygotic sources of activin 
A and B can compensate for each other during gastrulation. 

In order to potentially avoid the problem of redundant ligands during devel
opment, null mutants have also been produced for the activin type II receptor, 
ActRII (MATZUK et al. 1995b). Mutants are viable with minor skeletal and facial 
abnormalities, although the females are sterile. However, like the activin ligand 
mutants, mesoderm and neural tube formation is unaffected. Interestingly, mice 
deficient in ActRII did not have the identical phenotype as mice deficient in either 
of the activin ligands, suggesting that in certain tissues other receptors, such as 
ActRIIB, may be involved in the embryonic functions of activin and that ActRII 
functions as a receptor for other ligands (MATZUK et al. 1995). 

Taken together, these mutants strongly suggest that activins are not the pri
mary inducer of mesoderm in mammals (SMITH 1995). However, the possibility 
cannot be completely eliminated since activin A derived from the decidua could 
provide inducing activity (ALBANO et al. 1994; MANOVA et al. 1992). Studies with 
TGF~1 have shown that this ligand may be able to cross the placenta and rescue 
the embryo, supporting the possibility that activins might display a similar property 
(LETTERIO et al. 1994). In addition, two new activins, C and D, have been identified 
from human liver and Xenopus, respectively (HOTTEN et al. 1995; 0DA et al. 1995). 
While the mammalian homologue of activin D has not been reported and the 
embryonic expression pattern of these new activins is unknown, their identification 
raises the possibility that they could function during early embryogenesis. 

In mammals, the BMP pathway appears to be important for mesoderm in
duction and gastrulation. Embryos deficient in the BMP2/4 receptor, ALK3 
(BMPRIA), exhibit a complete absence of mesoderm (MISHINA et al. 1995). The 
interpretation of this phenotype is somewhat complicated since ectoderm prolif
eration was reduced in mutant embryos. Since the onset of gastrulation is thought 
to require the accumulation of 1400-1500 cells in the ectodermallayer of the em
bryo, mesoderm induction and cell proliferation are highly coupled (HOGAN et al. 
1986). Thus, the lack of mesoderm in the mutants could be secondary to prolif
erative defects. However, teratomas derived from mutant embryos were impaired in 
mesoderm formation, suggesting that some BMP signaling is important for me
soderm induction. 

A similar phenotype was observed in mice deficient in BMP4, a known ligand 
for ALK3. BMP4 mRNA is expressed in 6.5-day-old embryos in the posterior end 
of the primitive streak, the time and location required for a mesoderm inducer 
(WINNIER et al. 1995). BMP4 mutant embryos could be separated into two main 
phenotypes, suggesting that there are two critical phases in development during 
which BMP4 is required. The early phenotype was similar to the ALK3 mutants in 
that they arrested at gastrulation. The embryos displayed some extraembryonic 
mesoderm but no embryonic mesoderm as indicated by the lack of expression of 
brachyury. Furthermore, the BMP4 mutants, like the ALK3 mutants, displayed 
defects in cell survival and proliferation in the ectodermal layer. The second BMP4 
deficient phenotype arrested later in development with embryos reaching beyond 
the head fold stage. These embryos were truncated or had disorganized posterior 
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structures as well as a reduction of extraembryonic mesoderm. This later phenotype 
may be due to a rescue of some embryos by another ligand. BMP2, a second ALK3 
ligand, is a potential candidate since it is present at very low levels in the embryo at 
gastrulation (WINNIER et al. 1995). However, while BMP2 might compensate for 
BMP4, it is not critical for normal gastrulation since BMP2 deficient mice arrest 
later in development with defects in heart formation and in closure of the exo
coelomic cavity (ZHANG and BRADLEY 1996). Taken together, these studies suggest 
a role of BMPs in cell proliferation and survival in the ectoderm and in mesoderm 
formation. In addition, they emphasize that BMP2 and BMP4, which are highly 
related and interact with common receptors, fulfill unique functions during cardiac 
development and mesoderm formation, respectively. 

Another strong candidate for a primary mesoderm inducer in mice is nodal, 
which has been implicated in mesoderm induction and gastrulation (CONLON et al. 
1994; ZHOU et al. 1993). Nodal is expressed throughout the ectoderm prior to 
formation of the primitive streak and becomes localized to the prospective posterior 
ectoderm in the region where streak formation will occur. Expression is also ob
served transiently in the visceral endoderm prior to and during early streak for
mation. Later, expression becomes restricted to the node. Nodal mutants arrest 
shortly after the onset of gastrulation with little or no mesoderm and no evidence of 
primitive streak formation. Mesoderm is observed in 25% of the embryos with 10% 
exhibiting brachyury expression, suggesting that nodal is important but not ab
solutely required for mesoderm formation. In contrast to the ALK3 and BMP4 
knockouts, mice deficient in nodal have normal proliferation of the ectoderm so the 
lack of cell numbers cannot account for the deficiencies in mesoderm. Evidence 
suggests that nodal may be involved in cell migration and the cell-cell interactions 
required for proper streak formation and patterning. In addition, using embryo 
chimeras between nodal mutant and wild-type cells it has been demonstrated that 
nodal expression in the ectoderm is required for primitive streak formation. 
However, visceral endoderm expression is required for proper anterior neural de
velopment and embryos lacking nodal in this region lack forebrain structures 
(VARLET et al. 1997). 

Thus, in mammals, TGFp family members are required during gastrulation in 
many capacities and at least two of these, BMP4 and nodal, are required prior to 
streak formation. In the gastrulating embryo, although both ligands are involved in 
mesoderm formation, BMP4 appears to playa role in proliferation and survival of 
the ectodermal layer while nodal is important for mesoderm and primitive streak 
formation. However, neither of these ligands on its own fulfills all the requirements 
for a primary mesodermal inducer. The variability observed in mesoderm induction 
in both BMP4 and nodal mice suggests that TGFp family members may be able to 
compensate for each other. Thus, there may be no single TGFp ligand which is 
required for mesoderm formation at all times. Compensatory mechanisms have 
been suggested to operate in Xenopus mesoderm induction as discussed earlier and 
similar mechanisms may function in mammals. Characterization of other TGFp
like ligands in early development may provide some further insights into how 
mammalian gastrulation is controlled. For instance, VgI remains a good candidate 
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in Xenopus and chicken as a mesoderm inducer but a mammalian homologue has 
not yet been identified. In addition, introduction of mutations in other components 
of the signaling pathways, such as the type I activin receptors or MADR proteins, 
may be informative by addressing the requirement of specific pathways during 
development, thereby avoiding the problems of ligand redundancy. Moreover, the 
identification of gene targets which mediate specific downstream events required for 
gastrulation may allow us to define mechanistically how these ligands control early 
embryogenesis. In addition, other factors, such as Wnts and FGFs, may act in 
concert with TGF~ ligands to regulate cell proliferation, mesoderm induction and 
cell migration during gastrulation. A greater understanding of the signal trans
duction pathways of TGF~ ligands may reveal how these interactions may occur. 

3.1.3 Left-Right Axis 

During gastrulation, formation of the left-right (L-R) body axis is linked to the 
dorsoventral and anterioposterior axes. In vertebrates, the morphological markers 
of L-R asymmetry are the position and shape of the heart, gut, liver, lungs and 
other organs and the direction of embryo turning. In the chick embryo, one of the 
earliest molecular indications of L-R asymmetry is the expression of the activin 
type II receptor, ActRII (LEVIN et al. 1995). ActRII is expressed more strongly on 
the right side of the primitive streak and later is restricted to the right side of 
Henson's node (the chick equivalent to the mouse node), suggesting that an activin
like factor is involved in early L-R patterning. In fact, this activin-like factor has 
been implicated in a signaling cascade which affects L-R patterning involving Sonic 
hedgehog (Shh) and a chicken nodal-related factor, cNR-l. Shh, a secreted growth 
factor not related to TGFI3, is initially expressed symmetrically in the node but 
becomes restricted to ectoderm on the left side of the node opposite to ActRII 
expression. Following Shh induction, cNR-I is expressed in the endoderm on the 
left side of the node adjacent to the domain of Shh expression and later is also 
observed in a large patch in the lateral plate mesoderm on the left side (LEVIN et al. 
1995). Interestingly, this pathway can be manipulated experimentally. Activin 
coated beads placed on the left side of the node can induce ectopic ActRII ex
pression with concomitant downregulation of Shh and cNR-l. Furthermore, ec
topic expression of SHH on the right side of the node, where it is not normally 
expressed, induces ectopic expression of cNR-I. Moreover, ectopic implants of 
activin or Shh in the node causes loss of L-R asymmetry and randomization of the 
sidedness of the heart (LEVIN et al. 1995). Thus, these studies suggest a putative 
pathway in which signaling by an activin-like ligand through ActRII downregulates 
Shh and subsequently cNR-I, initiating L-R patterning in the chick embryo. 

A general role for nodal in L-R patterning is supported by experiments in the 
mouse. Asymmetrical expression of nodal is first observed in the node at the early 
somite stages with a more intense expression on the left side (COLLIGNON et al. 
1996; LOWE et al. 1996). In addition, nodal is expressed in a region of the lateral 
plate mesoderm on the left side of the embryo. Interestingly, in the mouse mutant 
inv in which homozygotes develop a mirror-image L-R axis (situs invertus), nodal 
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expression in the lateral plate mesoderm is restricted to the right side of the embryo 
and expression in the node is either symmetrical or enhanced on the right side 
(COLLIGNON et al. 1996; LOWE et al. 1996). In another mouse mutant, iv, in which 
the L-R axis is randomized, nodal expression was often bilaterally symmetrical or 
not expressed at all (LOWE et al. 1996). Taken together, these results indicate that 
there is a strong relationship between sidedness of the embryo and nodal expression 
and that misexpression of nodal can disrupt L-R axis formation. 

Another TGFp family member, Lefty, which is expressed in the left half of the 
gastrulating embryo, has also been implicated in L-R axis patterning (MENO et al. 
1996). Lefty contains the cysteine-knot motif characteristic of the TGFp super
family but only shares 20%-25% similarity to other known members. The early 
expression of lefty is symmetrical with expression in the primitive streak mesoderm 
beginning at 7 days of embryogenesis. However, at the early somite stage, lefty is 
expressed transiently and exclusively on the left side in the region of the lateral plate 
mesoderm and in the floorplate of the developing neural tube. In about 50% of iv 
mutant mice, and in all homozygous inv mutant mice, lefty expression is observed 
on the right side indicating that, like nodal, lefty is downstream of these mutations 
and is likely involved in L-R patterning (MENO et al. 1996). 

Although nodal and lefty expression is correlated with L-R asymmetry, neither 
factor appears to be involved in the early establishment of L-R axis formation. 
Nevertheless, as described above, the studies in chick using recombinant activin 
protein suggest that an early activin-like factor may be involved. The endogenous 
gene responsible for this has not yet been identified in chick or mouse. However, in 
Xenopus, recent studies have implicated VgI in the initiation of L-R patterning 
(HYATT et al. 1996). As mentioned above, although Vgl mRNA is localized 
throughout the vegetal pole, tight regulation of the processing of the proform may 
control the expression of functional protein in specific regions. HYATT et al. (1996) 
circumvented this by using a chimeric protein that contains the pro-region and 
processing site from BMP-2 and the mature region of Vgl (BVgl). Expression of 
BV g 1 in the dorsovegetal cell on the right side of the embryo disrupted the L-R 
axis, causing randomization of cardiac and gut orientation (HYATT et al. 1996). In 
contrast, expression of BV g 1 in the left side had no significant effect on develop
ment. In addition, Xnr-J, which like chick and mouse nodal displays asymmetry in 
Xenopus, was bilaterally expressed in embryos injected with BVgl on the right side 
(HYATT et al. 1996). Thus, differential regulation of the processing of Vgl on the 
left side of the embryo may initiate L-R axis formation and control asymmetrical 
expression of nodals. Whether a VgI homologue plays the same role in chick and 
mouse awaits further analysis. 

3.2 Limb Development 

Limb development provides a good example of the inductive abilities of TGFp 
family members in epithelial-mesenchymal interactions. Development of the limb 
bud has been extensively studied and involves a complex orchestration of events 
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coordinated by many growth factors including BMPs, TGF~, Wnts, sonic hedge
hog (SHH), and FGFs (reviewed in COHN and TICKLE 1996, TICKLE 1996). The 
early limb bud is composed of mesoderm covered by ectoderm. The rim of the limb 
bud contains a thickened ectodermal region known as the apical ectodermal ridge 
(AER), which regulates the proximal-distal outgrowth of the limb and maintains 
the underlying mesoderm in a proliferative and undifferentiated state, called the 
progress zone. BMP2, BMP4 and BMP7 are all expressed in the AER and in the 
underlying mesoderm of the progress zone and are thought to playa role in signaling 
between these two regions. Expression of BMP2 is activated in the limb by sonic 
hedgehog (SHH), a regulator of patterning in the limb bud. However, BMP2 itself 
does not supply a polarizing signal and BMPs have been postulated to control cell 
proliferation in the progress zone and may be involved in controlling overall limb 
bud shape which is linked to limb patterning (HOGAN 1996; TICKLE 1996). 

Recently, exciting progress has been made in understanding the role of BMPs 
and TGF~s in the formation of digits. As the limb extends and cells move away from 
the progress zone and the influences of the AER, they either undergo chondrogenic 
differentiation to form the cartilaginous skeleton of the digits or the cells remain 
undifferentiated in the interdigital regions. Eventually the cells in the interdigital 
regions undergo massive cell death by apoptosis. BMP2, BMP4 and BMP7 display 
expression patterns which correlate with the interdigital spaces, suggesting that 
BMPs may regulate apoptosis in this region (Zou and NISWANDER 1996). A direct 
role for BMPs in signaling apoptosis was demonstrated in recent experiments in 
which a dominant-negative BMP type I receptor (BMPRIB) capable of blocking 
BMP2 and BMP4 signals was injected into chick limb buds (Zou and NISWANDER 
1996). This resulted in extensive webbing between the digits, suggesting that en
dogenous BMP signaling induces apoptosis between the digits. These results cor
relate with studies which have shown that beads soaked with BMP4 can accelerate 
apoptosis when implanted in the interdigital space and, when placed at the tip of 
growing digits, can cause bifurcation of the digit and establish an ectopic region of 
cell death (GANAN et al. 1996). Finally, it was shown that in duck feet, which are 
naturally webbed, there is little or no expression of BMP2, 4 or 7 in the interdigital 
spaces (ZHOU and NISWANDER 1996). A developmental role for BMPs in apoptosis 
may not be unique since BMP4 is also implicated in programmed cell death of neural 
crest cells (GRAHAM et al. 1994). In the mouse the role ofBMPs in digit formation is 
supported by the observations that BMP7 deficient mice often have extra digits in 
the hind legs (DUDLEY et al. 1995; Luo et al. 1995). Unfortunately, the effects of 
BMP2 and 4 deficiency in limb formation cannot be assessed due to the early le
thality in these mutants. In addition to the BMPs, growth and differentiation factor 
5 (GDF5) has also been implicated in proper limb development, since the gene is 
mutated in the natural mouse mutation brachypodism (bp) (STORM et al. 1994). Bp 
null mutants have shortened limb bones and alterations in segmentation of the digits 
which are detectable as early as day 12 of embryogenesis, thereby suggesting that 
GDF5 is involved in regulating condensation of mesoderm in the limb. 

In contrast to BMPs, TGF~s are present in the limb bud in the precartilagi
nous cells which will form the digits. Implantation of beads soaked with either 
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TGF~1 or TGF~2 into the interdigital region of chicks leads to inhibition of cell 
death and formation of extra digits in the interdigital regions (GANAN et al. 1996). 
Moreover, TGF~ is chondrogenic and exogenous TGF~ can induce chondrogenesis 
in cultures of limb mesenchyme. BMPs are also implicated in formation of the digit 
skeleton after the chondrogenic aggregates are established by promoting radial 
growth of the cartilage and controlling joint location and formation (Macias et al. 
1997). 

Studies in the limb bud highlight two major themes in TGF~ biology. First, a 
single ligand has the ability to elicit multiple biological responses and second, 
distinct ligands, such as TGF~ or BMPs, often evoke opposite effects in cells that 
are competent to respond to both. This balance between different TGF~ factors is a 
reiteration of the competition between BMPs and activin, Xnr and Vgl that occurs 
during mesoderm induction in Xenopus. The mechanisms dictating which ligand 
prevails to exert its effects may to some extent be controlled by restricted expression 
of inhibitors or functional ligands, but may also involve regulation by signaling 
receptors. In this context, it is intriguing that BMP and activin/TGF~ utilize dis
tinct MAOR proteins to signal their respective biological responses, with no 
crosstalk observed between these pathways. 

3.3 TGFp Ligands as Morphogens 

The question of whether TGF~ ligands act at a distance by diffusion, or by sig
naling through relay mechanisms, is important to answer since it allows us to define 
how cell fate decisions are controlled during development. As mentioned above, the 
balance between competing ligands and the presence or absence of inhibitors can 
influence the pathway of differentiation that a cell takes. For example, activins 
appear to act in a concentration-dependent manner in which high concentrations of 
activin can induce dorsal mesoderm (notochord) while lower levels induce meso
derm with more ventral characteristics (muscle). In fact, changes of as little as 1.5-
fold can alter cell fate (reviewed in GREEN and SMITH 1991). This differential re
sponse to the same ligand supports the hypothesis that diffusible morpho gens can 
differentially control cell fate determination by creating concentration gradients 
that radiate from a source. Cells could potentially respond to variations in con
centration and differentiate into different lineages depending on their proximity to 
the morphogen and the thresholds required to induce a given response. Studies in 
Drosophila suggest that OPP can function as a true morphogen (reviewed in SMITH 
1996). Expression of a constitutively activated receptor for OPP, which recapitu
lates downstream responses in the absence of ligand, induces transcription of two 
OPP-responsive genes, spalt and omb, in the wing imaginal disk. Importantly, these 
genes are only induced in cells that express the activated receptor and not in 
neighboring cells, indicating that a relay mechanism is not functioning (LECUIT et al. 
1996; NELLEN et al. 1996). In contrast, cells ectopically expressing OPP induce 
expression of these genes in a halo of surrounding cells, in a manner consistent with 
OPP acting at a distance. 
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In vertebrates, TGFp-like factors also appear to act as diffusible morphogens. 
Using activin-coated beads in explant cultures of Xenopus ectoderm, it has been 
demonstrated that the distance of a cell from an activin source can affect the set of 
genes expressed by the cell within a few hours (GURDON et al. 1994). Furthermore, 
cells respond directly to changes in the concentration of activin by expressing genes 
characteristic of the highest concentration of the morphogen, in a "ratchet-like" 
process (GuRDON et al. 1995). These studies also demonstrated that passive diffu
sion of activin can occur by using explant cultures in which cells incapable of 
responding to activin were sandwiched between activin expressing cells and cells 
competent to respond to activin. Although direct contact with the activin source 
was prevented, the induction of brachyury was observed in the competent cells 
(GURDON et al. 1994). Consistent with these findings, ectodermal explants ex
pressing activin, when juxtaposed with lineage-traced explants, induce brachyury 
expression in the latter explant and the position of expression relative to the activin 
source depends on the concentration of activin, indicating that activin can have 
long range effects (JONES et al. 1996). In addition, expression of constitutively active 
type I activin receptors induces gene expression exclusively cell autonomously, 
suggesting that the long range effects of activin are not due to a relay mechanism. In 
contrast to the observations with activin, the ligands, Xnr-2 and BMP4, appear to 
act only locally, suggesting that interaction of these proteins with the extracellular 
matrix can act to limit diffusion (JONES et al. 1996). Recently, by overexpressing 
epitope-tagged versions of the ligands and using lineage tracers to follow the in
jected cells in Xenopus embryos, activin and V g 1 appeared to have limited diffusion, 
acting only on adjacent cells (REILLY and MELTON 1996). Despite these latter 
studies, the preponderance of evidence indicates that TGFp ligands can act at long 
distances to establish concentration gradients, thereby functioning as diffusible 
morpho gens to differentially regulate cell fate decisions. 

3.4 Disruption of TGF~ Signaling in Human Disease 

In addition to their normal functions as regulators of developmental processes and 
homeostasis, mutation in members of this superfamily and their signaling com
ponents have recently been implicated in a diverse array of human disorders. Re
cent investigations in human cancer have suggested that components of the 
signaling pathway for TGFp can act as tumor suppressors. Furthermore, heredi
tary mutations in ligands, receptors and other regulatory components have been 
described in three human syndromes, persistent Mullerian duct syndrome (PMOS), 
Hunter-Thompson type acromesomelic chondrodysplasia and hereditary hemor
rhagic telangiectasia. 

3.4.1 Cancer and TGFp 

Due to its roles in cell cycle inhibition, apoptosis and the expression of cell adhesion 
molecules, the involvement of the TGFp pathway in cancer and tumor progression 
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has long been suspected. Many epithelial cancer cell lines are resistant to TGF~
mediated growth inhibition, including lines derived from squamous cell cancer, 
breast cancer, bladder cancer, lymphomas and, in particular, small-cell lung, gastric 
and colon cancers (reviewed in MARKOWITZ and ROBERTS 1996). Increased resis
tance to TGF~ in colorectal carcinoma cell lines correlates with biological ag
gressiveness, suggesting that release from TGF~ growth inhibition is an important 
step in tumor progression. In addition, restoration of TGF~-responsiveness has 
been correlated with reversion of transformation in the colon cancer cell line 
SW480. However, loss of autocrine expression of the TGF~ ligand itself does not 
correlate with malignancy. Moreover, high levels of plasma TGF~ in colorectal 
cancer patients have been associated with an increase ofTGF~ mRNA in the tumor 
and with tumor progression (TSUSHIMA et al. 1996). Thus, the resistance to TGF~ 
growth inhibition in tumors likely results from disruption of the ability of the cell to 
respond to TGF~ and suggests that components of the TGF~ signaling pathway 
may function as tumor suppressors. Exciting evidence is now emerging to provide a 
molecular basis for understanding the development ofTGF~ resistance and its role 
in cancer progression. 

Direct evidence that resistance to TGF~ in human cancers could be a result of 
mutations in components of the signaling pathways was first suggested by studies 
on the receptors T~RII and T~RI. In some gastric carcinoma cell lines, rear
rangement of the T~RII gene has been detected and correlates with loss of sensi
tivity to TGF~ (PARK et al. 1994). Perhaps more significant was the finding that 
approximately 90% of colon cancers exhibiting micro satellite instability (RER + 
for "replication errors") contain mutations causing inactivation of T~RIl 
(MARKOWITZ et al. 1995). Microsatellite instability can be attributed to mutations 
in the mismatch repair genes, which in turn cause mutations in repetitive regions of 
the genome. Approximately 15%-17% of all colorectal carcinomas exhibit mi
crosatellite instability either as a hereditary form of cancer, termed HNPCC (he
reditary nonpolyposis colorectal cancer), or as sporadic cases (reviewed in KINZLER 
and VOGELSTEIN 1996). In RER + cancers, mutations in T~RII accumulate and are 
primarily manifested as the addition or deletion of one or two adenine residues in a 
10 base pair polyadenine region residing at the junction between the extracellular 
and transmembrane domains of the receptor. This introduces frame shifts and 
premature stops codons. Interestingly, mutations of T~RII are rare in endometrial 
cancers with micro satellite instability, emphasizing the importance that escape from 
TGF~ signaling may play in colorectal cancer (MYEROFF et al. 1995). In addition to 
RER + colorectal cancer, mutations in the ser/thr kinase domain of T~RII have 
been identified in squamous head and neck carcinomas (GARRIGUE-ANTAR et al. 
1995). These findings implicate T~RII as a tumor suppressor and present an im
portant mechanistic link between defects in DNA repair mechanisms and tumor 
progression that can result from escape from TGF~-mediated growth control. 

In addition to defects in T~RII, alterations in the type I receptor, T~RI, have 
been found in prostate, colon and gastric cancer cells which are insensitive to 
TGF~. Furthermore, a lack ofT~RI protein has been observed in the AIDS-related 
Kaposi's sarcoma although the molecular basis has not been investigated (reviewed 
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in MARKOWITZ and ROBERTS 1996). While the functional significance of these al
terations in T~RI expression has yet to be determined, these cases suggest that 
T~RI is a target for inactivating mutations. 

Similar to the receptors, intracellular components of the TGF~ signaling 
pathways may also function as tumor suppressors (reviewed in RUSTGI 1996). Both 
DPC4 and MADR2 map to chromosome 18q21, a region which is often deleted in 
pancreatic, lung and colorectal carcinomas. Loss of heterozygosity (LOH) of this 
region occurs in about 90% of pancreatic tumors and in over 60% of colorecta1 
cancers, pointing to the importance of this chromosomal region in tumor pro
gression. Evidence is now accumulating to implicate the MADR proteins as the 
candidate tumor suppressor genes in that region. Somatic missense mutations of 
DPC4 have been identified in 6 out of 27 (22%) pancreatic carcinomas (HAHN et al. 
1996) and 5 out of 31 (16%) colorectal cancers (TAKAGI et al. 1996). Two missense 
mutations and a 2 base pair frameshift have also been identified in a sampling of 42 
lung cancers (NAGATAKE et al. 1996). Further evidence that mutations in MADR 
genes in this region can contribute to tumor progression was obtained in two 
studies that reported genetic alterations in MADR2 (lV-18) (EpPERT et al. 1996; 
RIGGINS et al. 1996). Interestingly, MADR2 functions in the TGF~ signaling 
pathway and in one study, missense mutations in MADR2 were identified in 4 out 
of 66 (6%) sporadic colorectal carcinomas while none were found in 101 breast 
cancers and 76 sarcomas (EpPERT et al. 1996). Moreover, the proteins resulting 
from these missense mutations are nonfunctional. Together, these results strongly 
suggest that these mutations can account for a disruption in TGF~ signaling. The 
bias for mutations in MADR2 in colorectal cancers parallels similar observations in 
the TGF~ receptors. This may indicate that this pathway is more susceptible to 
mutation in colorectal cancer and suggests that TGF~ may be particularly im
portant in controlling the normal proliferation of gastrointestinal epithelium. Thus, 
the essential molecules of the TGF~ signal transduction pathway can serve as 
tumor suppressors which, when mutated, can contribute to tumor progression due 
to an inability to respond to TGF~. 

The involvement of other TGF~ superfamily members in cancer has been 
suggested by studies on the cr-inhibin deficient mice (MATZUK et al. 1992). Both 
male and female mice develop mixed granulosajSertoli cell tumors in 100% of the 
cases, indicating that cr-inhibin is a potent negative regulator of gonadal stromal 
cell proliferation. Thus, cr-inhibin is the first secreted protein demonstrated to have 
tumor-suppressor activity. Furthermore, mice which are deficient in both MIS and 
cr-inhibin develop tumors earlier and faster than the cr-inhibin deficient controls, 
suggesting that cr-inhibin and MIS have synergistic effects in tumor development 
(MATZUK et al. 1995a). It is yet to be determined if alterations in either of these 
ligands participates in the development of gonadal tumors in humans. 

3.4.2 Hereditary Diseases 

The finding that mutations in Mullerian inhibitory substance (MIS) could result in 
persistent Mullerian duct syndrome (PMDS) was the first confirmation of an as-
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sociation between a human syndrome and a member of the TGF~ superfamily 
(IMBEAUD et al. 1994). PMDS is characterized by the presence of Mullerian duct 
derivatives in otherwise normal males. Approximately 50% of patients with PMDS 
have a normal MIS gene and normal serum levels of MIS, indicating that organ 
insensitivity may also contribute to PMDS. Supporting this observation is the 
recent finding of a mutation in the MIS type II receptor gene of a PMDS patient 
(IMBEAUD et al. 1995). At present, a type I receptor for MIS or any of the intra
cellular components in this signaling pathway have not been identified, but these 
proteins could also be potential targets for mutations resulting in PMDS syndrome. 

Another member of the TGF~ superfamily, cartilage-derived morphogenetic 
protein 1 (CDMP-l), the human homologue of murine GDF-5, is the primary 
defect in a human chondrodysplasia (THOMAS et al. 1996). CDMP-I is predomi
nantly expressed in the long bones during human development and mutations in 
this gene have been described in Hunter-Thompson type acromesomelic chondro
dysplasia. This autosomal recessive disorder is characterized by a shortening of the 
long bones in the limbs, with the proximal bones of the hands and feet being most 
severely affected. Remarkably, this syndrome is phenotypically similar to the mu
rine mutant brachpodism (bp), which, as mentioned above, is due to mutations in 
the mouse homologue GDF-5 (STORM et al. 1994). 

A third syndrome, hereditary hemorrhagic telangiectasia or Osler-Rendu
Weber (ORW) syndrome, is characterized by multisystemic vascular dysplasia. 
ORW can be linked to two distinct loci. One loci has been shown to correspond to 
the endoglin gene, a TGF~ binding protein expressed in endothelial cells and 
placenta (McALLISTER et al. 1994). Most mutations in endoglin linked to ORW 
result in protein truncations and it is currently unclear how these changes may 
affect endothelial cell function. The second locus was shown to be the activin-like 
type I receptor, ALKI (also known as TSRI or ACVRLK1) (JOHNSON et al. 1996), 
which can bind TGF~ or activin when overexpressed with T~RII or ActRIIB 
respectively, although the in vivo ligand remains uncertain. ALKI, similar to 
endoglin, is expressed in endothelial cells and other highly vascularized tissues such 
as lung and placenta (ATTISANO et al. 1993). Hereditary mutations in ALKI 
identified in three ORW families affect critical residues in the kinase domain, 
suggesting that the resulting protein is nonfunctional (JOHNSON et al. 1996). Thus, 
endoglin and ALKI may playa critical role in regulating vascular endothelium 
structure during development or repair and disruption of this function may lead to 
the vascular dysplasia associated with this disease. 

4 Conclusions 

The TGF~ superfamily of growth factors can regulate diverse biological processes 
from the earliest stages of development into adulthood. Our understanding of how 
these factors function has progressed rapidly and is uniquely propelled by an 
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amalgamation of molecular and developmental studies. Thus, molecular studies of 
TGFp signal transduction are providing mechanistic insights into the biology of 
these factors while studies of the role of these factors in development continues to 
contribute mechanistic insights into the signaling pathways. Continuing inves
tigations into both the biochemistry and the biology of TGFp signaling will 
undoubtedly be crucial for us to gain a complete understanding of the actions of 
this diverse family of growth factors. With this knowledge, we can then begin to 
assess how mutations within components of the signaling pathways can affect 
human diseases, such as cancer, and potentially how the TGFp superfamily can be 
used as a therapeutic treatment. 
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of TGF~ family signals. Cell 87: 173). 
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1 The Notch Family of Receptors 

The Notch gene was first identified in Drosophila as a locus required for develop
ment of many structures (POULSON 1937). The diversity of biological processes 
regulated by Notch in Drosophila and its varied relatives from C. elegans to man is 
only now becoming clear. Indeed the Notch receptor system may be used to reg
ulate development and homeostasis of every tissue in complex animals. Some of 
these processes have been analyzed in great detail and we refer readers to several 
excellent recent reviews focused on more biological aspects of Notch function 
(ARTAVANIS-TsAKONAS et al. 1995; KOPAN and TURNER 1996; LARDELLI et al. 
1995). Genetic analysis of invertebrate Notch family receptors has highlighted a 
role of Notch proteins as transmembrane transcription factors which require 
proteolytic activation and nuclear translocation for activity. Numerous proteins 
which participate in the Notch signaling pathway have been discovered. These 
varied proteins include ligands for Notch, regulators of Notch ligand-binding 
specificity, regulators of Notch signaling efficiency, and transcription factors which 
cooperate with Notch to control gene expression. In this article we will highlight the 
structural features of Notch receptors and the proteins with which they interact. 
These structures are conserved in all Notch-family receptors and their partners. 
Through the analysis of structure and function together, we hope to highlight some 
important features of these signaling proteins which may help to explain their role 
in integrating many extracellular signals to control cell fate determination, differ
entiation, proliferation and cell survival. 

1.1 Invertebrate Notch Genes and Signaling Pathway Components 

In Drosophila melanogaster, individuals heterozygous for loss offunction mutations 
in Notch develop with wing notches. Homozygous loss of function mutations in 
Notch results in a lethal expansion of neural tissues at the expense of epidermal 
tissue in the developing embryo (ARTAVANIS-TsAKONAS et al. 1995). This phenotype 
is also seen in flies with mutations in several other genes, collectively known as the 
"neurogenic genes" (LEHMANN et al. 1983). The Notch locus codes for a large 
receptor protein (KIDD et al. 1986; WHARTON et al. 1985). Many mutations in 
Notch have been identified which give rise to distinct phenotypes in wings, eyes and 
external sensory organs. Gene products which participate in the signaling pathway 
upstream and downstream of Notch have been identified through cloning of other 
neurogenic genes, including Delta, a ligand for Notch (KOPCZYNSKI et al. 1988; 
V ASSIN et al. 1987). In addition, mutations which enhance or suppress Notch
dependent phenotypes have been generated and the mutant gene(s) in many cases 
have been characterized. Alleles of the Suppressor of Hairless (Su(H)) gene have 
been identified which enhance the glossy eye phenotype in sensitized N ts1/frJ!2 Notch 
mutant flies (FORTINI and ARTAVANIS-TsAKONAS 1994; HONJO 1996). Also, a 
complex locus termed Enhancer of split (E(spl)) was identified which, when 
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mutated, enhanced or worsened the small and rough eye phenotype in flies with the 
split allele of Notch (CAMPOS-ORTEGA 1991). SuCH) and E(spl) gene products are 
critical components of the Notch-pathway in many tissues (see below). In contrast 
to these enhancers of Notch-dependent phenotypes, mutations in the Drosophila 
deltex gene can suppress the lethality associated with a specific combination of 
Notch gain of function Abruptex (Ax) alleles (BUSSEAU et al. 1994). Thus, genetic 
experiments in Drosophila have led to the isolation of Notch and many Notch
pathway components. 

The C. elegans lin-12 and glp-l genes are highly related in both sequence and 
function (GREENWALD 1994; GREENWALD et al. 1983; LAMBIE and KIMBLE 1991; 
YOCHEM and GREENWALD 1989). Like their distant relative Notch, LIN-12 and 
GLP-l control diverse cellular functions such as cell fate induction, lateral speci
fication and cell division (AUSTIN and KIMBLE 1987; GREENWALD et al. 1983; 
LAMBIE and KIMBLE 1991). LIN-12 and GLP-l are redundant for many but not all 
developmental functions and dramatic phenotypes are observed in a large number 
of tissues when both Notch-like genes are mutated. The phenotypes observed in 
LIN-12/GLP-I compound mutants are collectively referred to as the "lag pheno
type" (for {in-12 and glp-I) (LAMBIE and KIMBLE 1991). Genetic analysis in 
C. elegans has led to the isolation of novel genes which, when mutated, induce the 
lag phenotype. These lag genes, termed lag-l and lag-2, encode homologues of 
Drosophila SuCH) and delta respectively (CHRISTENSEN et al. 1996; HENDERSON 
et al. 1994; TAX et al. 1994). Isolation of genes which induce similar mutant 
phenotypes to mutations of Notch-family receptors in flies (Neurogenic) and 
worms (Lag) has thus led to the discovery of Notch or LIN-12/GLP-l pathway 
components in both organisms. Enhancer/suppressor screens have also been used 
to isolate components of the LIN-12/GLP-l pathway in C. elegans (GRANT and 
GREENWALD 1996; LEVITAN and GREENWALD 1995; SUNDARAM and GREENWALD 
1993a, b). Mutations in the sel-12 gene (suppressors and/or enhancers of {in-12), for 
example, can suppress phenotypes induced by a hyperactive LIN-12 protein (LE
VITAN and GREENWALD 1995). Finally, an additional component of the worm LIN-
12/GLP-l pathway was identified in a yeast two hybrid screen with the cytoplasmic 
domain of LIN-12 as bait. The LIN-12-binding protein identified in this screen, 
EMB-5, was shown to function downstream of LIN-12 and GLP-l in genetic 
experiments (HUBBARD et al. 1996). 

1.2 Vertebrate Notch Genes and Oncogenes 

Coffman et al. isolated the first vertebrate Notch-family gene by low stringency 
hybridization screening of a Xenopus cDNA library using the Drosophila Notch 
cDNA as probe (COFFMAN et al. 1990). The Xenopus Notch gene sequence was then 
used by many labs to obtain mammalian homologues. Low stringency hybridiza
tion approach and degenerate PCR led to the isolation of three mammalian Notch 
genes: Notchl, 2 and 3 (FRANCO DEL AMO et al. 1992; KOPAN and WEINTRAUB 
1993; LARDELLI et al. 1994; REAUME et al. 1992; STIFANI et al. 1992; WEINMASTER 
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et al. 1991, 1992). Mammalian Notch genes have been independently isolated as 
oncogenes responsible for cancerous transformation in human T-cell leukemias 
(Tanl/Notchl) (ELLISEN et al. 1991) and mouse mammary tumor virus-induced 
breast cancer (int-3/Notch4) (ROBBINS et al. 1992). The discovery of human and 
mouse Notch oncogenes in addition to the well studied role for these proteins in 
invertebrate development has heightened interest in these proteins as regulators of 
vertebrate development, cell division and differentiation. The study of Notch sig
naling in vertebrate development has been pursued, primarily through ectopic ex
pression studies in Xenopus and gene targeting in mice (DE LA POMPA et al. 1997; 
DORSKY et al. 1997; WETTSTEIN et al. 1997). 

1.3 Conserved Structure of Notch Family Receptors 

Notch-family receptors are very large transmembrane glycoproteins which are 
present in all complex animals. These proteins contain several copies of specific 
domains which have been implicated in protein-protein interactions critical for 
activation, regulation, or signal transduction. The modular nature of Notch pro
teins is revealed by comparing the distinct organization of multiple Notch-family 
receptors within a species as well as by comparing Notch proteins between species. 
For example, gene duplication and mutation has resulted in the generation of at 
least four Notch-family proteins in mammals which subtly differ from each other in 
specific subdomains. In contrast, comparison of Drosophila Notch with C. elegans 
Notch-like proteins, LIN-12 and GLP-l, reveals that these gene products are 
dramatically different in size, structure, and primary amino acid sequence from 
Notch. Features which are shared by the Drosophila and C. elegans proteins are 
likely to be fundamental to signal integration and transduction by all Notch-like 
receptors. Genetic and biochemical studies of the Notch proteins in several systems 
have helped to define the fundamental structural features of these receptors as well 
as Notch-pathway signaling proteins. 

1.4 Notch Receptor Proteins in Drosophila and Vertebrates 

Notch family receptors are highly conserved between Drosophila and vertebrates 
(Fig. 1). The extracellular domain of Drosophila Notch is made up of an N-terminal 
signal peptide, 36 tandem cysteine-rich EGF-like repeats (EGFL repeats), and 3 
copies of a distinct conserved cysteine-rich repeat termed the LIN-12/Notch repeat 
(LNR), which is followed by a cysteine-poor domain (ARTAVANIS-TsAKONAS et al. 
1995; KmD et al. 1986; WHARTON et al. 1985). The signal peptide is a universal 
feature of all Notch-related receptor proteins as each must pass through the se
cretory pathway on its way to the plasma membrane. EGFL repeats are protein
protein interaction motifs, found in epidermal growth factor (EGF) and dozens of 
other extracellular proteins (CAMPBELL and BORK 1993). Six of the EGFL repeats in 
Notch are also predicted to bind calcium (RAO et al. 1995). Recently, EGFL repeats 
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have even been detected in two transcription factor proteins which are predicted to 
reside in the nucleus (GOMEZ-SKARMETA et al. 1996). Each repeat is approximately 
40 amino acids long and contains 6 invariant cysteine residues whose spacing is 
conserved to form 3 disulfide bridges (Fig. 2). The importance of these residues is 
further reinforced by the lethality of two dominant alleles of Notch which involve 
changes in an EGFL repeat cysteine (KELLEY et al. 1987). 

One Xenopus, one zebrafish and four mammalian Notch homologues have 
been identified to date. The four mammalian Notch proteins, Notch-1 through -4, 
share strong overall homology with each other as well as with the Xenopus and 
zebrafish proteins (BIERKAMP and CAMPOS-ORTEGA 1993; COFFMAN et al. 1990; 
FRANCO DEL AMO et al. 1992; GALLAHAN and CALLAHAN 1997; LARDELLI et al. 
1994; REAUME et al. 1992; STIFANI et al. 1992; UYTTENDAELE et al. 1996; WEIN
MASTER et al. 1991, 1992). Comparison of EGFL repeat domains between verte
brate and Drosophila proteins indicates that the number of EGFL repeats can vary 
through loss of individual repeats (Fig. 1). Drosophila Notch, mammalian Notchl, 
mammalian Notch2 and the identified Notch proteins in Xenopus and zebrafish 
each possess 36 EGFL repeats, whereas mammalian Notch3 and Notch4 only 
encode 34 and 29 EGFL repeats respectively. Typically, each repeat is more ho
mologous to its equivalent repeat in other Notch-family proteins than to its adja
cent EGFL repeats or other EGFL repeats within the same protein (Fig. 2). For 
example, EGFL repeats 11 and 12 from Drosophila Notch are more similar to 
EGFL repeats 11 and 12 from Xenopus Notch1 than they are to any of the re
maining 34 EGFL repeats within the Drosophila protein (COFFMAN et al. 1990; 
REBAY et al. 1991). This suggests that individual EGFL repeats may have specific 
conserved ligands, or conserved binding surfaces within ligands which contact 
several EGFL repeats. The specific repeats lost in mammalian Notch 3 are an 
EGFL-repeat sized segment from EGFL repeats 2 and 3 (which results in the fusion 
of repeats 2 and 3 into a novel EGFL repeat), and EGFL repeat 21 (LARDELLI et al. 
1994). Deletion of these repeats, which are highly conserved in the typical 36 repeat 
containing Notch receptor proteins, may be an important feature of Notch 3 which 
is required for its specific biological functions. The Notch 4 protein has lost and 
rearranged several EGFL repeats with the result that repeats 14-21 in this protein 
cannot be easily lined up with specific repeats from Notch 1, 2 or 3 (Fig. 1) 
(UYTTENDAELE et al. 1996; GALLAHAN and CALLAHAN 1997). The biological sig
nificance of these deletions and rearrangements in Notch 4 is unclear, although it is 
tempting to speculate that Notch 4 may interact with some distinct ligands or 
partners as compared to Notch 1, 2 and 3 . 

.. 
Fig. 1. Schematic representation of Notch family proteins. Consensus sequence for identifying N-linked 
glycosylation site is NXS/T (where X is any amino acid except Proline). PEST regions were identified 
based on the consensus published in ROGERS et al. (1986). The conserved EGFL repeats are aligned and 
numbered. In Notch-4, EGFL repeats A-H are unique, and EGFL repeat I is a hybrid of EGFL repeats 
31 and 32 in Notch-I/2 (UYfTENDAELE et al. 1996). Consensus nuclear localization sequences are indi
cated. Notch4, Lin-12 and Glp-I do not contain consensus NL sequences. It is not clear whether these 
proteins are targeted to the nucleus through nonconsensus NLS or whether they are cotransported into 
the nucleus with transcription factors including the CSL proteins. Alternatively, it remains possible that 
Notch4 does not function in the nucleus 
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A DSL domains of ligands for Notch-family Receptors 
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Fig. 2. Alignment of specific DSL ligand and Notch-family receptor domains which have been impli
cated in ligand binding or in signal transduction. Note, only representative LNR domains and cdclO 
domains are shown in order to indicate conservation across species (LNR) or conservation across species 
and between domains (cdc 1 0) 

Conservation of the 36 individual EGFL repeats between Drosophila and the 
vertebrate Notch! and 2 proteins, as well as deletion and alteration of specific 
repeats in Notch3 and 4, together highlight the modular nature of the large ex
tracellular domain of the Notch proteins. It is likely that specific combinations of 
EGFL repeats are retained by each Notch protein to facilitate interaction with 
many different ligands, co-receptors or regulators. 
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The LIN-12/Notch repeat (LNR) is also a cysteine-rich domain with specific 
conserved spacing (Fig. 2) (YOCHEM et al. 1988). All Notch-family proteins contain 
exactly three LIN-12/Notch repeats. It has been suggested that Notch receptors are 
activated through dimerization and that LIN-12/Notch repeats prevent dimeri
zation prior to the activation of Notch by one of its ligands. Deletion of this 
domain can generate an activated form of Notch which no longer depends on 
ligand for stimulation (GREENWALD 1994; LIEBER et al. 1993). C-terminal to the 
LNR domain in Notch, and its relatives, are two cysteines within a cysteine-poor 
region, which also function to maintain Notch in an inactive state. Mutation of 
either or both cysteines to serine residues produces an activated Notch protein 
(KIDD et al. 1989; LIEBER et al. 1993). In contrast to Notch proteins with deletions 
of the LNR, Notch proteins which have cysteine to serine mutations in this region 
are still dependent on ligand for function (LIEBER et al. 1993). It is interesting to 
note that cysteine-rich sequences in the extracellular domains of the Ret and Neu 
tyrosine kinase receptors inhibit dimerization and, further, that mutations which 
disrupt these domains result in constitutive receptor activation (ASAl et al. 1995; 
MULLIGAN et al. 1993; SIEGEL et al. 1994). The cysteine residues in the LNR do
main and the two cysteine residues C-terminal to the LNR may together regulate 
the dimerization of Notch. Ligand activation of Notch-family proteins could dis
rupt or exchange the specific disulfide bonds which are formed between cysteine 
residues in this extracellular region, inducing dimerization and signal transduction. 

All Notch family proteins also contain a transmembrane domain immediately 
downstream of these cysteine-rich domains. On the cytoplasmic side of the trans
membrane domain, Notch proteins contain a Ram domain, six copies of a 
cdc1 O/SWI6/ankyrin-related repeat (hereafter referred to as cdc 10 repeats) (BREEDEN 
and NASMYTH 1987), and PEST sequences which are thought to be important in 
protein turnover (Fig. 1). The cytoplasmic domains of Notch proteins are variable 
in length and contain the least conserved regions of these receptors. The cytoplasmic 
domains of the Notch-family proteins will be discussed in greater detail below. 

1.5 The C. elegans Notch-Related Receptors: LIN-12 and GLP-l 

The C. elegans LIN-12 and GLP-l receptors are highly related to each other and 
are related in structure to the Drosophila and vertebrate Notch proteins (Fig. 1) 
(YOCHEM and GREENWALD 1989; YOCHEM et al. 1988). Both LIN-12 and GLP-l 
contain signal sequences and membrane spanning domains for insertion into the 
plasma membrane. The LIN-12 protein contains 13 EGFL repeats whereas GLP-l 
contains 10. A small sequence is present near the N-termini of both proteins. This 
sequence, termed T + Y, is present between the first and second EGFL repeat in 
either protein and has no known function. The T + Y domains could simply reflect 
the common ancestry of LIN-12 and GLP-l. Like the Notch proteins discussed 
above, the specific EGFL repeats in LIN-12 and GLP-l are highly related to their 
equivalent repeats in each protein. The fact that LIN-12 has 13 repeats and GLP-l 
has 10 is due to the presence of 3 additional EGFL repeats which immediately 
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follow the T+ Y sequence in LIN-12 but not in GLP-l. Just C-terminal to the last 
EGFL repeat in both LIN-12 and GLP-1 are three LNR repeats followed by a 
cysteine-poor sequence containing two critical cysteines as discussed above 
(YOCHEM et al. 1988). Analysis of dominant gain of function LIN-12(d) alleles 
reveals that mutations in amino acids which are within the LNR region or very 
close to one of the two conserved cysteine residues (downstream of the LNR) result 
in hyperactivation of LIN-12 (GREENWALD and SEYDOUX 1990). Thus, related 
domains just outside of the plasma membrane are required to repress signal 
transduction by Notch and these Notch-like receptors. 

The cytoplasmic domains of LIN-12 and GLP-1 are also highly related to each 
other and similar in overall structure to the Notch proteins. These proteins each 
contain a Ram domain, six cdc10 repeats, and PEST sequences. All of these 
structural features are conserved between the Notch proteins and the LIN-12j 
GLP-I receptors which have been characterized in C. elegans. Genetic analysis in 
C. elegans and in Drosophila has suggested that conservation of overall domain 
structure from Notch-like proteins in both species may be related to conservation 
of mechanisms of receptor activation, regulation, and signal transduction by 
Notch, LIN-12 and GLP-l. 

2 Notch Receptors as Integrators of Multiple Extracellular Signals 

Notch receptors possess very large extracellular domains, yet the minimal region 
which is necessary and sufficient for interaction of Notch with the Delta ligand 
represents less than 5% of these extracellular sequences (REBAY et al. 1991). Analysis 
of Notch mutants in Drosophila and humans has revealed that specific point muta
tions in many of the conserved EGFL repeats can cause alterations in Notch sig
naling with associated biological consequences. The extracellular domains of Notch
family proteins are thought to participate in numerous protein-protein interactions. 
The multiple EGFL repeats of these receptors may be used to integrate a myriad of 
extracellular signals. It is therefore important to characterize the interaction between 
Notch and specific Notch ligands as well as to understand how Notch:Notch ligand 
interactions are spatially restricted. Through the analysis of individual interactions 
between the Notch extracellular domain and its partners or regulators, we may begin 
to understand how integration of multiple signals can occur. 

2.1 DSL-Ligands for Notch and LIN-12/GLP-l Receptors 

Ligands for Notch-family proteins have been identified in Drosophila, C. elegans 
and several vertebrate species. There are two known ligands for Notch in 

~ 

Fig. 3. Structural comparison of Notch ligands. The cysteine rich region of Serrate/Jagged is drawn 
according to LINDSELL et al. (1995) 
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Drosophila, Delta and Serrate (Fig. 3) (FLEMING et al. 1990; KOPCZYNSKI et al. 
1988; THOMAS et al. 1991; VASSIN et al. 1987). Mutations in the gene for Delta cause 
lethal overproduction of neuronal cell types in the Drosophila embryo (MuSKAv
ITCH 1994). This "neurogenic" phenotype also occurs in flies which are mutant for 
Notch and several other genes which participate in the Notch signal transduction 
pathway as discussed above. Serrate is known to be required for proliferation and 
patterning of imaginal disks (SPEICHER et al. 1994). Delta and Serrate proteins both 
contain an N-terminal region which is highly related (FLEMING et al. 1990; THOMAS 
et al. 1991). This region of approximately 200 amino acids contains a conserved 
cysteine rich domain termed the DSL domain (DeltajSerratejLag-2 domain) and 
the first three EGFL repeats of each protein. The DSL domain has been named 
after several Notch ligands (HENDERSON et al. 1994; TAX et al. 1994) and is required 
for binding of these ligands to their respective Notch or LIN-12jGLP-l receptors 
(Fig. 2) (FITZGERALD and GREENWALD 1995; MUSKAVITCH 1994). In fact, physical 
interaction between Drosophila Notch and its two ligands has been demonstrated 
by means of an in vitro cell adhesion assay (FEHON et al. 1990; REBAY et al. 1991). 
In this assay, EGF-like repeats 11 and 12 of Notch are necessary and sufficient for 
its interaction with Delta or Serrate (DE CELIS et al. 1993; FEHON et al. 1990; REBAY 
et al. 1991). The high affinity Delta-binding site likely includes additional EGFL 
repeats within Notch, as mutations have been identified in EGFL repeats 14 and 29 
of Notch which weaken its interaction with Delta (LIEBER et al. 1992). Like Notch, 
Delta and Serrate contain multiple EGFL repeats. Indeed, mutations in several of 
the Delta EGFL repeats can also decrease the affinity of Delta:Notch interaction 
in vitro, suggesting that EGFL repeat regions in Notch-ligands may also partici
pate in high affinity binding (LIEBER et al. 1992). The Delta protein contains a total 
of 9 EGFL repeats and Serrate contains 14. In Serrate, the fourth, sixth and tenth 
EGFL repeats contain small insertions which disrupt the typical EGFL cysteine 
spacing pattern. Serrate also contains an additional cysteine-rich domain between 
the EGFL repeats and the transmembrane domain which is not present in Delta 
(Fig. 3). The Delta and Serrate cytoplasmic domains are unrelated to each other or 
to other proteins. 

Vertebrate homo10gues of the Delta and Serrate proteins have been reported by 
several labs in the past 2 years (Fig. 3). To date, two genes with homology to Delta 
have been described in Xenopus, X-Deltal and X-Delta2 (CHITNIS et al. 1995; JEN 
et al. 1997). One of these has also been described in chickens, mice, rats and zebrafish 
(Deltal in chickens and rats = Dill in mice and DeltaD in zebrafish) (BETTE
NHAUSEN et al. 1995; HENRIQUE et al. 1995) (Rat Delta1 submitted to Genebank by 
G. DiSibio, L. Hebshi, J. Boulter and G. Weinmaster and zebrafish DeltaD sub
mitted to Genebank by J.A. Campos-Ortega). Two Serrate homologues have been 
described in rats and chickens; these genes have been named Jaggedl and 2 (LIND
SELL et al. 1995; SHAWBER et al. 1996a) or Serratel and 2 respectively (HAYASHI et al. 
1996; MYAT et al. 1996). The human JaggedljSerratel ortho10gue has also been 
described (ZIMRIN et al. 1996; Human Jagged1 submitted directly to Genebank 
by L. Li, Y. Deng, A.B. Banta and L. Hood as well as G.E. Gray, R.S. Mann, 
E. Mitsiadis, D. Henrique, M. Caracangiu, D. Ish-Horowicz and S. Artavanis-
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Tsakonas). Additional vertebrate members of the Delta and Serrate families exist, 
although they have yet to be published (NYE and KOPAN 1995). The vertebrate Delta 
proteins contain the N-terminal Delta-Serrate homology region, which includes a 
DSL domain and three EGFL repeats. Deltal and Delta2 each contain a total of 
eight EGFL repeats which are followed by transmembrane domains and short 
cytoplasmic domains with limited homology to the cytoplasmic domain of the 
Drosophila Delta protein. The Vertebrate Serrate-like proteins also contain the 
N-terminal Delta-Serrate homology region (including DSL domain and 3 EGFL 
repeats), 13 additional EGFL repeats (total of 16 EGFL repeats where repeat 10 
contains an insertion), the conserved Serrate cysteine-rich domain, a transmembrane 
domain, and a cytoplasmic domain which is conserved between Jagged 1 and Jagged2 
but which is unrelated to the Drosophila Serrate cytoplasmic domain. 

The conservation of DSL domains and EGFL repeats in the vertebrate 
Delta/Serrate homologues indicates that ligand:receptor interaction is likely to in
volve the DSL domain in ligands and EGFL repeats 11 and 12 in Notch proteins. The 
conservation of domains which are unique to Delta proteins (cytoplasmic domain) or 
to Serrate proteins (cysteine-rich domain) indicates that regulation or presentation 
of these two ligand families may differ in some important way (see below). 

In C. elegans, three DSL ligands have been identified (Fig. 3). These three 
proteins are named Lag-2, Apx-l and Arg-I (HENDERSON et al. 1994; MELLO et al. 
1994; TAX et al. 1994) (Apx-l: Mello and Priess, unpublished: see FITZGERALD and 
GREENWALD 1995). Like the Delta and Serrate proteins in Drosophila (and verte
brates), the C. elegans ligands each contain sequences which are similar to the 
region in common between Delta and Serrate discussed above. In Lag-2, this region 
contains the DSL domain and an EGFL repeat which is most similar to the third 
Delta or Serrate repeat. This ligand is missing sequences corresponding to EGFL 
repeats one and two from Delta and Serrate as repeats one and two may have fused 
during evolution to create a nonclassical EGFL repeat in their place. Thus, the 
small Lag-2 protein contains only one consensus EGFL repeat. The larger Apx-I 
protein contains the same Delta-Serrate homology region (with DSL domain fol
lowed by three EGFL repeats) and one additional EGFL repeat (for a total of four 
EGFL repeats). Both proteins contain transmembrane domains and short cyto
plasmic domains with no obvious domain structure. It has been suggested that 
PEST sequences in the cytoplasmic domains of both Lag-2 and Apx-I may induce 
rapid degradation of these proteins (ROGERS et al. 1986). The Lag-2 cytoplasmic 
domain is not homologous to either Delta or Serrate cytoplasmic domains, and no 
cysteine-residues are present between the EGFL repeat and transmembrane do
main, indicating that this ligand cannot be assigned to either the Delta or Serrate 
subfamilies of Notch ligands (HENDERSON et al. 1994; TAX et al. 1994). Similarly, 
Apx-I cannot be easily assigned to either Delta or Serrate subfamilies on the basis 
of homology. It is interesting to note, however, that Apx-I contains two cysteine 
residues between the signal peptide and the DSL domain and also contains four 
cysteine residues between the fourth and final EGFL repeat and the transmembrane 
domain (MELLO et al. 1994). The significance of four cysteine residues downstream 
of the EGFL repeats is unknown but cysteine residues are present in an equivalent 
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region of Serrate proteins as noted above. The detailed structure of Arg-l has not 
yet been described in the literature. 

The Notch family receptors may be "activated," through dimerization, stabi
lization or internalization in response to specific ligand stimulation. DSL-family 
ligands in all species encode transmembrane proteins which are likely presented on 
the surface of signaling cells. Surprisingly, Delta and Serrate in Drosophila, as well 
as Lag-2 in C. elegans, have been detected in cells which are separated from their 
sites of synthesis (Couso et al. 1995; HENDERSON et al. 1994; KOOH et al. 1993; 
THOMAS et al. 1991). These results suggest that DSL proteins may be endocytosed 
by Notch-receptor bearing cells or may be proteolytically cleaved from their 
membrane spanning precursors. The Lag-2 protein which is expressed in the distal 
tip cell of the C. elegans gonad is taken up by GLP-l expressing germ cells in such a 
way that the cytoplasmic domain of Lag-2 remains intact and the endocytosed 
protein colocalizes with internalized GLP-l (HENDERSON et al. 1994). In this case, 
proteolytic cleavage of Lag-2 is not responsible for transfer of Lag-2 from signaling 
cell to receiving cell. The process of DSL ligand release and endocytosis may be 
similar to the mechanism by which the transmembrane ligand Boss is taken up by 
cells expressing the Boss receptor, Sevenless (CAGAN et al. 1992). Artificially gen
erated secreted forms of Lag-2 and Apx-l can fully substitute for the endogenous 
Lag-2 in several developmental contexts. Indeed, secreted DSL domains of either 
Lag-2 or Apx-l are even sufficient to enhance GLP-l activation by endogenously 
expressed Lag-2 protein (FITZGERALD and GREENWALD 1995). These data suggest 
that the DSL domains of either protein may be able to induce dimerization, sta
bilization or endocytosis of GLP-l. Analogous studies with secreted forms of Delta 
or Serrate proteins have yet to be reported. 

A dominant allele of Xenopus Deltal (X-DeltalsTu) has been described which 
can inhibit activation of endogenous Notch when ectopically expressed in Xenopus 
embryos (CHITNIS et al. 1995). This mutant was created through deletion of 
C-terminal sequences from Deltal. The effect of X-Deltal STu can be overcome 
through co-injection of excess wild type X-Deltal cRNA, which restores Notch 
activation. It is not clear whether truncated Deltal protein inhibits normal Delta 
function (perhaps by forming inactive oligomers with wild type Deltal protein), or 
whether it binds to Notch in a nonproductive fashion (and therefore blocks en
dogenous Delta from "activating" Notch). Similar experiments have also been 
reported in Drosophila where Delta or Serrate proteins with C-terminal truncations 
(DeltaTM or SerrateTM) behave as dominant inhibitors to block Notch activation 
in neighboring cells (SUN and ARTAVANIS-TsAKONAS 1996). These mutant DSL 
ligands can still bind to Notch on the surface of S2 tissue culture cells in vitro, 
indicating that adhesion between ligand and receptor is not dependent on the 
cytoplasmic domain of either ligand. 

Delta and Serrate proteins with C-terminal truncations behave as dominant 
negative alleles which block activation of Notch as discussed above. In contrast, 
Lag-2 protein with B-galactosidase in place of its cytoplasmic domain can still 
function to suppress the lethal effects of severe lag-2(O) loss of function mutations in 
C. elegans (HENDERSON et al. 1994; WILKINSON et al. 1994). Thus, the cytoplasmic 
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domains of these proteins are dispensable, at least in as much as they can be 
replaced by B-galactosidase. Do the cytoplasmic domains of Lag-2 and Apx-l 
perform different and dispensable functions than the cytoplasmic domains of Delta 
and Serrate proteins in Xenopus, or in Drosophila? Oligomerized Delta may be 
required to activate Notch and the intracellular domain may facilitate 
oligomerization (MUSKAVITCH 1994). B-Galactosidase can form tetramers and may, 
therefore, fortuitously generate higher order complexes of DSL ligands which are 
capable of activating LIN-12 and GLP-l receptors. It will be interesting to see if 
Delta and Serrate B-galactosidase fusions can stimulate Notch in Drosophila. Al
ternatively, as DSL ligands can be endocytosed, it is possible that X-Delta 1 STU, 
DeltaTM and SerrateTM mutants are endocytosis impaired. If endocytosis of 
Notch:Notch ligand complexes is required for activation of Notch, and the trun
cated DSL ligands cannot be endocytosed, then Notch may be locked into non
productive complexes at the cell surface by truncated ligands. 

How do DSL ligands "activate" Notch-family receptors? Biochemical analysis 
of Notch signaling complexes before and after binding of Delta, DeltaTM or 
Delta + DeltaTM should yield the answer. As discussed above, ligand induced 
Notch oligomerization and/or endocytosis may be critical. 

2.2 DSL Ligands Encode Redundant and Specific Functions 

In Drosophila, the Serrate protein can substitute for Delta during neuroblast seg
regation (Gu et al. 1995). Similarly, Apx-l and Arg-l can suppress the phenotype 
of lag-2 loss of function mutations in several cell fate decisions (FITZGERALD and 
GREENWALD 1995). These experiments reveal that distinct DSL ligands in both 
Drosophila and C. elegans share overlapping biochemical functions. In Drosophila 
wing development, however, the Delta and Serrate proteins have very distinct and 
nonoverlapping signaling capabilities (DIAZ-BENJUMEA and COHEN 1995; DOHERTY 
et al. 1996; KIM et al. 1995; SPEICHER et al. 1994). Ectopic expression studies have 
shown that an activated Notch allele can stimulate transcription of wing margin 
specific genes in both dorsal and ventral compartments of the developing wing disk 
(DE CELIS et al. 1996; DOHERTY et al. 1996). The Delta protein can only stimulate 
margin genes in the dorsal compartment and therefore can only activate Notch 
dorsally (DOHERTY et al. 1996). In contrast, Serrate cannot stimulate margin genes 
in the dorsal compartment but only in the ventral wing disk (Couso et al. 1995; 
JONSSON and KNUST 1996; KIM et al. 1995; SPEICHER et al. 1994). Indeed the Serrate 
protein may even function to antagonize Notch under specific circumstances 
(JONSSON and KNUST 1996). In the fiy wing then, Delta and Serrate proteins can 
only activate the Notch proteins in distinct compartments whereas their receptor, 
Notch, can function in either. One or more spatially restricted components must be 
limiting the specificity or distribution of Notch such that it can only respond to one 
specific DSL ligand in each compartment. 

It has recently been demonstrated that the secreted protein Wingless inhibits 
Notch activation by Delta and yet may facilitate the activation of Notch by Serrate 
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(AXELROD et al. 1996; Couso et al. 1995; JONSSON and KNUST 1996). In contrast, 
the secreted protein Fringe inhibits Notch activation by Serrate but may facilitate 
Notch activation by Delta (see below) (IRVINE and WIESCHAUS 1994). Through 
complex spatial regulation of Delta and Serrate presentation in the developing 
wing, as well as Wingless and Fringe mediated control of Notch sensitivity for these 
ligands, the Notch protein can integrate multiple signals to precisely control in
duction of wing margin specific gene expression. 

The conservation of 36 EGFL repeats between Drosophila and vertebrate 
Notch proteins, together with the fact that EGFL repeats 11 and 12 are sufficient 
for interaction between Notch and DSL ligands, suggests that there may be other 
important protein-protein interactions which occur through the extracellular do
main of this large protein. Perhaps Wingless and Fringe can bind to distinct EGFL 
repeats and control the activation of Notch by Delta or Serrate. It has also been 
speculated that Brainiac and Egghead may bind to the extracellular domain of 
Notch (GOODE et al. 1996a). These and other interactions could be envisioned to 
occur through Notch or through the formation of a multi subunit receptor which 
includes Notch. Indeed, the Wingless protein cannot bind to Notch on the surface 
of tissue culture cells. Perhaps Wingless can bind to a D-Frizzled2:Notch complex 
(BHANOT et al. 1996) or to a complex between Notch and Serrate (Couso et al. 
1995). Interestingly a number of point mutations have been identified in the ex
tracellular domain of Notch which can produce very specific phenotypes, sug
gesting that this receptor may interact with several different proteins in the 
secretory pathway or extracellular space. 

2.3 Subcellular Localization of Notch 

In the very early Drosophila embryo, Notch protein is found on apical, lateral and 
basal cell surfaces (FEHON et al. 1991; KIDD et al. 1989). As development proceeds, 
Notch becomes highly localized to specific membrane subcompartments in cells of 
several tissues. In developing foregut, hindgut and salivary gland, the Notch protein 
is apical (FEHON et al. 1991). In the developing wing and eye imaginal disks, Notch 
is specifically localized to an apicolateral ring in each cell of the columnar epithelial 
layer. Notch is also highly concentrated at the interface of dividing neuroblasts and 
their progeny. In some developing neurons, Notch is detected in axonal bundles. In 
the vertebrate neural tube, Notchl protein is concentrated on the basal membrane 
of differentiating neurons which have just divided from their self-renewing siblings 
(CHENN and MCCONNELL 1995). The very specific subcellular localization of Notch 
protein in each case is likely essential for spatial control of Notch activation since 
the DSL ligands are transmembrane proteins as discussed above (KOOH et al. 1993). 
In many cases DSL ligands are presented on specific subdomains of signaling cells 
(KOOH et al. 1993; SUN and ARTAVANIS-TsAKONAS 1996), and therefore access to 
Notch will be dependent on the direct juxtaposition of Notch and Delta in 
neighboring cells. In order to understand Notch activation, the mechanism by 
which Notch is localized within a polarized cell must also be determined. Structure/ 
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function analysis of Notch proteins will be required to decipher which domains are 
responsible for localization of Notch in each cellular context. Are the same domains 
of Notch required for colocalization of Notch with intercellular junctions in the 
wing imaginal disk as are required for Notchl basal localization during differen
tiation of neurons in the neural tube (CHENN and MCCONNELL 1995)? Are the 
proteins (or other molecules) which tether Notch to the adherence junction in 
imaginal disk cells also controlling ligand binding or signaling properties of Notch 
in this context? In addition, there is evidence to suggest that Notch proteins may 
perform distinct functions in apical vs. lateral membranes of the same cell (GOODE 
et al. 1996a). It will be necessary to determine which domains of Notch are re
sponsible for its localization to specific membrane subcompartments in each de
velopmental context in order to understand the signaling pathway and biological 
functions which are mediated downstream from this receptor in each case. 

2.4 Notch Proteins as Regulators of Adhesion, Polarity 
and Cell Signaling 

Historically, Notch proteins have been considered as having one of two distinct 
roles. In one case, Notch proteins me receptors which receive important signals 
from neighboring cells, and directly alter specific gene expression programs in re
sponse. The other view of Notch is as a regulator of cell adhesion and polarity, and 
that control of these processes by Notch indirectly controls the efficiency by which 
other signals can be received from neighboring cells. Both of these views may 
actually be correct. 

Truncated Notch-family proteins have been constructed and analyzed in 
Drosophila and C. elegans which function like "activated receptors" (FORTINI and 
ARTAVANIS-TsAKONAS 1993; GREENWALD 1994). These cytoplasmic-domain mini
proteins are typically found in the nucleus and have been shown to induce Notch
dependent or LIN-12-dependent events, even in the absence of their respective wild 
type Notch-family protein. Thus, many functions of Notch or LIN-12 are not 
dependent on adhesion mediated by the extracellular domains but can be mimicked 
through activation of signal transduction by the cytoplasmic domain in isolation. 
Consequently, Notch proteins are signaling receptors. 

Drosophila Notch and other Neurogenic genes in this organism are required for 
the development of specific cell lineages in all three germ layers. In order to identify 
"key characteristics" of processes which depend on Notch in these diverse tissues, 
HARTENSTEIN et al. (1992) used molecular markers to analyze the transformations 
associated with loss of Notch function in several tissues. Notch and other neuro
genic genes were found to control the process by which many tissues acquire or 
maintain epithelial properties. These studies have been extended to show that 
proneural proteins, which are antagonized by Notch (see Sect. 4.2 below), promote 
mesenchymal fates whereas neurogenic proteins including Delta, Notch and 
downstream targets of Notch (the E(spl) proteins) are required for epithelial 
phenotypes in endodermal cells (TEPASS and HARTENSTEIN 1995). The distinction 
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between epithelial and mesenchymal is important for cell-cell communication. 
Communication between polarized epithelial cells often involves ligands and re
ceptors which are localized to specific membrane subcompartments. Indeed this is 
the case with Notch and its ligands as discussed above. Epidermal growth factor 
receptor family of tyrosine kinases are also highly localized and require proper cell 
polarity to function (MARATOS-FLIER et al. 1987). In C. elegans, for example, the 
EGFR related Let-23 protein can only perceive the presence of its ligand Lin-3, if 
Let-23 is concentrated in the lateral membranes at cell junctions by the Lin-2, Lin-7 
and Lin-lO proteins (LAMBIE 1996; SIMSKE et al. 1996). By localizing receptors to 
specific membrane subcompartments, these receptors can become highly responsive 
to a ligand which is localized in the correct subcompartment of a neighboring cell. 
Alternatively, a localized receptor can become completely insensitive to signals 
which are localized to the opposite side of a neighboring cell. Thus, if Notch 
induces or maintains the epithelial character of cells then it will control the sensi
tivity of cells to other specific extracellular signals. 

Cell polarity and the epithelial behavior of a cell may be directly regulated by 
Notch or may be indirectly regulated as a result of Notch-induced epithelial cell fate 
specification. In the Drosophila follicular epithelium, extracellular Brainiac and 
Egghead proteins function together with Notch to control the epithelial morpho
genesis and polarity (GOODE et al. 1996a, b). This Notch-dependent control of 
epithelial polarity occurs independent of Notch-induced cell fate transformations. 
Notably the adhesion between oocyte and follicular epithelium is dependent on 
brainiac and egghead from the germ line cells (oocyte and nurse cells) and Notch in 
the epithelium (GOODE et al. 1996a). Furthermore, loss of the oocyte-follicular 
epithelium adhesion system results in overgrowth and disorganization of the fol
licular epithelium. In this case, the loss of brainiac or egghead in the germ line leads 
to a decrease in the sensitivity of follicular epithelial cells to other signals including 
the TGF-(X homologue, Gurken, which stimulates the Drosophila EGF receptor 
(DER). Not only is DER signal efficiency dramatically lowered but Notch normally 
expressed in the lateral membrane of the follicle cell becomes much less sensitive to 
Delta expressed by its neighbor. GOODE et al. have therefore proposed that Notch 
in a follicle cell can participate in one type of cell-cell signaling system at the apical 
membrane (together with Brainiac and Egghead) to control the adhesion, epithelial 
organization and polarity and that another pool of Notch in the lateral membrane 
of the same follicle cell can respond to Delta through a distinct signaling system to 
control cell fate. 

2.5 Notch Glycoproteins; Fringe and Brainiac Control Activation 

All Notch-family proteins which have been described to date are predicted to be 
glycosylated on one or more asparagine residues. For example, the Drosophila 
Notch extracellular domain contains ten sequon targets for potential glycosylation 
(sequon = Asparagine followed by any amino acid, followed by either serine or 
threonine). The functional significance of glycosylation on transmembrane or 
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secreted proteins may vary for specific proteins and so it is difficult to predict what 
the function of glycosylation will be for the Notch-family receptors. It is known 
that at least some of the potential glycosylation sites are used, since Notch 
immunoprecipitated from Drosophila embryos or tissue culture cells can bind to the 
lectins concanavalin-A and wheat germ agglutinin (JOHANSEN et al. 1989; KmD 
et al. 1989). The number and location of predicted glycosylation sites are different 
between individual Notch-family proteins (Fig. 1). The DSL ligands are also pre
dicted to be glycosylated on asparagine residues, which vary dramatically in both 
number and position between individual ligands. Drosophila Serrate, for example, 
has 14 potential glycosylation sites which are dispersed throughout the entire ex
tracellular domain (FLEMING et al. 1990; THOMAS et al. 1991). In contrast, mouse 
Dlll has only one potential N-linked glycosylation site (BETTENHAUSEN et al. 1995). 

Genetic analysis has highlighted the importance of Fringe in controlling Notch 
activation in the Drosophila wing disk (IRVINE and WIESCHAUS 1994; KIM et al. 
1995). We and others have recently cloned mammalian Fringe proteins (Lunatic 
Fringe, Manic Fringe and Radical Fringe; Wu et al. 1996) and expressed them in 
Drosophila (COHEN et al. 1997; JOHNSTON et al. 1997). Interestingly, mouse Manic 
Fringe and Radical Fringe alter Notch dependent development in several fly tis
sues. These data led us to propose that Fringes control the sensitivity of Notch for 
its specific ligands (COHEN et al. 1997), by inhibiting Serrate:Notch interaction 
while facilitating Delta:Notch. It has recently been demonstrated that Fringe does 
inhibit activation of Notch by Serrate in Drosophila (FLEMING et al. 1997). This 
effect requires the N-terminal domain of Serrate, since Delta-Serrate chimeric li
gands which contain the N-terminus of Delta are resistant to inhibition by Fringe. 
As discussed above, the Brainiac protein also effects the efficiency of Notch sig
naling in Drosophila. Recent analysis of the Fringe and Brainiac amino acid se
quences has led to the suggestion that these secreted proteins may encode either 
galactosyl transferases or lectins (YuAN et al. 1997). Fringe and Brainiac proteins 
both possess signal sequences and therefore pass through the secretory pathway 
(GOODE et al. 1996b; IRVINE and WIESCHAUS 1994). N-linked glycosylation and 
galactosyl transfer reactions normally occur in the endoplasmic reticulum and golgi 
complex where nucleotide sugar substrates are present. If Fringe and Brainiac 
function within the secretory pathway then they may control transfer of galactose 
residues onto specific substrates. If Fringe and Brainiac function in the extracellular 
space then they are likely to be lectins. 

These data suggest that Fringe may inhibit Serrate function by directly altering 
the glycosylation of either Serrate or Notch, in such a way as to prevent their 
association. Alternatively, Fringe could function in the extracellular milieu, which 
does not contain the nucleotide sugar substrates for galactosyl transfer. In this case, 
secreted Fringe proteins may function as lectins which bind to Notch or Serrate in a 
galactose-dependent and peptide sequence specific manner. Fringe binding to either 
Notch or Serrate would prevent Serrate-Notch complex formation. These possi
bilities can explain how Fringe blocks Serrate from activating Notch and can also 
explain how Fringe facilitates the interaction of Delta and Notch. Fringe mediated 
glycosylation of Notch (or Delta) may strengthen the interaction between receptor 
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and ligand. Alternatively, Fringe as a lectin could bind to both Delta and Notch, 
creating a highly stable complex. Similar models can be used to explain the effect of 
the neurogenic protein Brainiac on Notch signaling. 

3 Notch Signaling 

Numerous genetic and in vitro cell culture studies have demonstrated a crucial role 
for Notch proteins as receptors of extracellular signals. Elements of the biochemical 
pathway(s) which transduce these signals from the membrane to the nucleus have 
been identified. Below we summarize these recent results. The cytoplasmic domain 
of Notch, acting as a molecular scaffold, is now believed to facilitate assembly of a 
transcription regulating complex on specific gene promoters which in turn regulate 
differentiation and proliferation in many tissues. 

3.1 The Intracellular Domain of Notch Functions 
as an Activated Notch Receptor 

Dominantly transforming mutants of human Notchl, feline Notch2 and mouse 
Notch4 have been isolated which are activated through deletion of most or all 
extracellular sequences (ELLISEN et al. 1991; ROBBINS et al. 1992; ROHN et al. 
1996). In addition, mutants of Drosophila Notch with deleted cytoplasmic domains 
behave as dominant inhibitory alleles (LIEBER et al. 1993; LYMAN and YOUNG 
1993; REBAY et al. 1993; STRUHL et al. 1993). Together these data suggest that 
Notch proteins are receptors for extracellular signals and that "Notch-signaling" 
can be activated simply by removing the extracellular domain. Experiments in 
Drosophila and C. elegans have revealed that Notch or LIN-12 cytoplasmic do
main alleles can induce cell fates which are normally dependent on wild type 
Notch or LIN-12 activity, even in the absence of the wild type protein (FORTINI 
and ARTAVANIS-TsAKONAS 1993; GREENWALD 1994; LIEBER et al. 1993; STRUHL 
et al. 1993). Thus, wild type Notch or LIN-12 functions can be supplied simply 
by activating the signaling pathway(s) which function downstream from the 
cytoplasmic domains. 

The intracellular domains of Notch and LIN-12 behave phenotypically as do 
their ligand-activated wild-type receptor counterparts, yet there are no obvious 
enzymatic domains within the cytoplasmic portion to account for the signaling 
potential of Notch-family proteins. Amino acid sequence comparisons and deletion 
mapping of the regions involved in protein-protein interactions have led to the 
identification of several distinct domains within the Notch/LIN-12/GLP-1 intra
cellular regions (Figs. 1, 2). At the very amino-terminal end of the cytoplasmic 
region, just inside the transmembrane domain, is the Ram domain (HSIEH et al. 
1996; TAMURA et al. 1995). This domain is poorly conserved between Notch pro-
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teins and the C. elegans Notch-like proteins, but binds to orthologous partner 
proteins in each species (see below) (ROEHL et aL 1996; TAMURA et aL 1995). The 
next structurally distinct region following the Ram domain is composed of six 
tandemly arranged cdclO repeats. These repeats are protein-protein interaction 
motifs found in a wide variety of transcription factors and cytoskeletal proteins (for 
review see BLANK et aL 1992). In Notch proteins the cdclO repeats are followed by a 
small cluster of conserved residues which are unrelated to any previously identified 
domain. LIN-12 and GLP-l also are highly related to each other and share a low 
level of homology to the Notch proteins in this region. Finally, at the carboxy
terminal end of the Drosophila Notch receptor and mammalian Notchl are two 
domains thought to be important for regulating protein stability: an opa region 
(polyglutamine sequence) and PEST sequences (ROGERS et aL 1986). The C-termini 
of all Notch and Notch-related receptors contain PEST sequences which are likely 
responsible for rapid degradation of these proteins. The C-terminal regions of 
LIN-12 and GLP-l, downstream of the cdclO repeats, are significantly shorter than 
the equivalent regions in the Notch proteins (LIN-12 has a 163 amino acid tail 
which is C-terminal to the cdclO repeats, the GLP-l C-terminal tail has 162 amino 
acids, whereas Notch has 537, Notchl has 456, Notch2 has 436, Notch3 has 320, and 
Notch4 has 177 amino acids in this region respectively). In addition to the Ram 
domain, cdcl0 repeat domain, the short region of homology C-terminal to the cdclO 
repeats, and PEST sequences, one or two nuclear localization signals have been 
defined in several Notch-like proteins; (Fig. 1) (STIFANI et aL 1992; LIEBER et aL 1993). 

3.2 Interaction of the Notch Intracellular Domain 
with Nuclear Factors: CSL Proteins 

The Notch intracellular domain, whether expressed as a dominantly activated 
mutant protein or proteolytic cleavage product from wild type Notch, can become 
localized to the nucleus (AHMAD et aL 1995; KOPAN et aL 1996). This nuclear 
localization is important for Notch function, since the removal of both nuclear 
localization signals reduces the ability of the intracellular domain to inhibit dif
ferentiation of MyoD-expressing 3T3 cells (KoPAN et aL 1994). Genetic analysis in 
flies and worms has led to the characterization of several nuclear proteins which 
interact with the cytoplasmic domains of Notch-family proteins. These nuclear 
partners of Notch/LIN-12/GLP-l are essential for signal transduction downstream 
from Notch-family receptors in many developmental contexts. 

In Drosophila, the first nuclear Notch-partner protein to be identified was 
Suppressor of Hairless (Su(H)) (FORTINI and ARTAVANIS-TsAKONAS 1994). Su(H) is 
a highly conserved DNA-binding protein which had been previously identified in 
mammals (variously known in mammals as RBPJK/KBF2/CBFl: we will refer to 
the mammalian protein as CBFl for simplicity) (FURUKAWA et aL 1992; HONJO 
1996; MATSUNAMI et aL 1989; SCHWEISGUTH and POSAKONY 1992). Loss of function 
mutations in Su(H) can dramatically impair Notch signal transduction (FORTINI and 
ARTAVANIS-TsAKONAS 1994). In C. elegans, the homologous protein, Lag-I, func-
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tions genetically downstream of LIN-12 and GLP-l (CHRISTENSEN et al. 1996). 
Vertebrate CBFl, fly Su(H) and worm Lag-l proteins share striking sequence 
conservation over a central region of 412 amino acids. Together these proteins are 
termed CSL proteins (for £BFl, ~u(H), and fAG-I) (CHRISTENSEN et al. 1996). 
CSL proteins interact strongly with the Ram domains, and with low affinity to the 
cdcdlO repeat domains, of their respective Notch-protein cytoplasmic domains 
(HoNJO 1996; ROEHL et al. 1996). Amino acids 179-361 of human CBF1 (numbering 
for the aPCR-3 spliced variant which corresponds to protein isoform RBP3) are 
necessary and sufficient for interaction with the Ram domain of Notch 1 (HSIEH et al. 
1996). The DNA-binding domain ofCSL proteins has proved difficult to define. The 
minimal region of the human CBF-1 isoform RBP3 required for specific DNA
binding (see below) is from amino acid 7 to 435, whereas the RBP3 isoform is only 
486 amino acids in total (BROU et al. 1994). Mutational analysis has shown that 
residues 178-187 and 251-283 (RBP3 numbering) are critical for DNA-binding in 
transfection studies (CHUNG et al. 1994). Mammalian CBF1 has been shown to 
repress expression of several viral and cellular enhancers or promoters which con
tain RTGGGAA elements (HSIEH et al. 1996). In contrast, when complexed to the 
cytoplasmic domain of Notch-family proteins, CSL proteins can activate expression 
of cellular genes which contain this sequence (BAILEY and POSAKONY 1995; HSIEH et 
al. 1996; JARRIAULT et al. 1995; LECOURTOIS and SCHWEISGUTH 1995; Lu and Lux 
1996). The cytoplasmic domain of Notch proteins can be found in the cytoplasm and 
nucleus. Similarly, the CSL proteins can be found in the cytoplasm or nucleus. Like 
Notch-family proteins, CSL proteins contain nuclear localization signals (residues 
67-70 in RBP3) (HONJO 1996). It has been speculated that unstimulated Notch can 
sequester CSL proteins in the cytoplasm (FORTINI and ARTAVANIS-TsAKONAS 1994). 
However, the detailed mechanisms responsible for controlling accumulation of ei
ther protein in the cytoplasm or in the nucleus have yet to be defined. Interestingly, 
the Su(H) protein can be found in both cytoplasm and nucleus of "socket cells" in 
Drosophila. In this case, the cytoplasmic accumulation of Su(H) is controlled by 
Notch signaling, yet cytoplasmic Su(H) does not co localize with Notch at epithelial 
cell junctions (GHO et al. 1996). Each CSL protein also contains a P X SIT P 
sequence which corresponds to the consensus Mapk phosphorylation site (residues 
336-339 in RBP3). It has not been determined whether this site is phosphorylated in 
vivo and, if so, whether phosphorylation regulates CSL location or function 
(CHRISTENSEN et al. 1996). Recently, Honjo and colleagues have identified a novel 
CSL family protein named RBP-L which binds to CGTGGGAA DNA elements but 
surprisingly does not bind to Ram domain sequences from Notch 1, 2, 3 or 4 
(MINOGUCHI et al. 1997). 

3.3 Interaction of the Notch Intracellular Domain 
with Nuclear Factors: EMB-5 Proteins 

The cdclO repeats of LIN-12 and GLP-1 bind to the C. elegans EMB-5 protein 
(HUBBARD et al. 1996). Furthermore, genetic analysis has revealed that EMB-5 is 
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required downstream of LIN-12 and GLP-l. EMB-5 is highly related to the 
Saccharomyces cerevisiae Spt6p regulator of chromatin structure and shares sig
nificant homology to a hypothetical protein in E. coli (sp:P46837) (BORTVIN and 
WINSTON 1996; SWANSON et al. 1990). Mammalian EMB-5 proteins have also 
been identified (Supt6H) (CHIANG et al. 1996; NISHIWAKI et al. 1993). Homology 
between yeast, worm and mammalian EMB-5-like proteins extends over most of 
the coding region in each case (CHIANG et al. 1996; NISHIWAKI et al. 1993; 
SWANSON et al. 1990). These proteins are speculated to encode an SH2 domain (at 
amino acid 1301-1396 in C. elegans EMB-5) and an SI RNA-binding domain 
(amino acids 1127 to 1259 of C. elegans EMB-5) (BYCROFT et al. 1997; MAC
LENNAN and SHAW 1993); however, the putative SH2 and SI domains diverge 
significantly from consensus SH2 and S 1 domains when all EMB-5 homologues 
are aligned, suggesting that these homologies may not be meaningful. The two 
hybrid interaction between cdcl0 repeats of LIN-12 or GLP-l and EMB-5 re
quires only the C-terminal 627 residues out of the 1521 amino acid EMB-5 
protein (HUBBARD et al. 1996). Perhaps the cytoplasmic domain of all Notch
family proteins forms a molecular scaffold to connect DNA-binding CSL proteins 
with EMB-5 proteins. 

3.4 Interaction of the Notch Intracellular Domain 
with Nuclear Factors: NFkB Proteins 

In a search for protein partners of the cdc-lO repeats of human Notchl, ASTER 
et al. (1994) found that the cdc-l0 repeat containing Bcl-3 protein can bind to 
Notchl in vitro and in vivo. Bcl-3 is a member of the IkB family of inhibitors 
which regulate the subcellular localization and DNA-binding activity of NFkB/rel 
transcription factors. The interaction between Notch and Bcl-3 required cdc-lO 
repeat regions of both proteins. It has also been shown that the cytoplasmic 
domain of human Notchl can block DNA binding of NFkB (p50:p65 dimers) 
in vitro (GuAN et al. 1996). This is due to a direct interaction between the cdc-lO 
repeats of Notchl and p50. Therefore, the cytoplasmic domain of Notchl both 
mimics Bcl-3 (Bcl-3 can block p50 but not p65 from binding to DNA) and as noted 
above can bind to Bcl-3. Genetic analysis of SuCH) in Drosophila and Lag-l and 
EMB-5 in C. elegans has established the physiological significance of these proteins 
in Notch signaling. In contrast, the physiological significance of Notch1:Bcl-3 or 
Notchl:p50 complex formation has yet to be defined. It is interesting to note, 
however, that CBF-I regulates several promoters which contain NFkB binding 
sites in close proximity to RTGGGAA CBF-l binding sequences (KANNABlRAN 
et al. 1997). Perhaps the cytoplasmic domain of Notch-family proteins can 
simultaneously bind to CSL and NFkB/rel proteins in order to regulate expression 
from this class of promoter. 
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4 Transcriptional Targets of the Notch Signaling Pathway 

Several genes have been identified which are transcriptionally regulated by Notch in 
Drosophila or LIN-12/GLP-1 in C. elegans. These genes facilitate lateral specifi
cation, inhibition of differentiation or proliferation in response to Notch signaling. 

4.1 A Positive Feedback Loop: Notch and CSL Genes 
are Transcriptional Targets of Notch 

Many transmembrane receptors either possess or associate with cytoplasmic en
zyme modules. Signal transduction from such receptors is therefore accompanied 
by enzymatic amplification of signal. Such is the case with Receptor tyrosine ki
nases, where one activated receptor molecule can phosphorylate and activate 
multiple cytoplasmic signaling proteins. In contrast, the cytoplasmic domain of 
Notch-family proteins perform a structural, rather than enzymatic, role in tran
scription regulating complexes (with CSL and EMB-5 proteins). This structural role 
does not allow for rapid signal amplification. The nonenzymatic nature of Notch
family proteins may be an important feature of this signaling system. Notch or 
LIN-12/GLP-1 signaling is often used to establish two alternative cell fates from a 
group of cells with the potential to adopt either fate (CAMPOS-ORTEGA 1988; 
GREENWALD and RUBIN 1992; HEITZLER and SIMPSON 1991; KOPAN and TURNER 
1996; STERNBERG 1993). This process is termed lateral specification. In C. elegans, 
two cells (Zl.ppp and Z4.aaa) each have the potential to become either an anchor 
cell (AC) or a ventral uterine cell (VU) (KIMBLE 1981; KIMBLE and HIRSH 1979). A 
strong LIN-12 signal will promote VU cell formation (STRUHL et al. 1993). Both of 
the precursor cells express the LIN-12 receptor and the Lag-2 ligand (WILKINSON 
et al. 1994). In any given animal, one of the two precursor cells will randomly 
express more LIN-12 (or less Lag-2) than the other. This cell will therefore receive a 
slightly stronger LIN-12 signal than its neighbor. The LIN-12 receptor gene is then 
strongly induced by LIN-12 signal (WILKINSON et al. 1994). The LIN-12 gene 
contains 20 Lag-1 binding sites (RTGGGAA) (CHRISTENSEN et al. 1996). These 
sites presumably bind Lag-1:LIN-12 (cytoplasmic domain):EMB-5 complexes 
which increase LIN-12 expression in response to a LIN-12 signal. In addition, the 
Lag-1 gene itself contains 18 Lag-1 binding sites and is therefore upregulated in 
response to a LIN-12 or GLP-1 signal (CHRISTENSEN et al. 1996). The cell, which 
receives a slightly stronger LIN-12 signal initially, goes on to amplify the signal by 
dramatically upregulating expression of both Lag-1 and LIN-12. This cell will 
become a VU cell in response to its strong LIN-12 signal. The VU cell decreases 
expression of Lag-2 ligand to ensure that its neighbor will not receive a LIN-12 
signal, and therefore to ensure that its neighbor will become an AC (WILKINSON et 
al. 1994). In this way, LIN-12 and Lag-1 positive autoregulation is used to ensure 
the specification of two distinct cell types based on a random fluctuation in LIN-12 
or Lag-2 expression in one precursor cell. By strongly increasing the expression of 
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Notch-family receptor and CSL DNA-binding subunit and by decreasing the ex
pression of DSL ligand in response to a Notch signal, this system is ideally suited to 
control lateral specification. This process of lateral specification was first described 
in grasshoppers, where it is used to ensure the proper segregation of neuronal and 
epidermal cell fates from a field of proneural precursor cells (DOE and GOODMAN 
1985). 

The positive feedback loop between Notch signaling and Notch receptor gene 
expression has also been observed in mammalian systems. The endogenous Notch4 
gene is upregulated by activated int-3/Notch4 in MMTV-int-3 transgenic mice 
(SMITH et al. 1995). Similarly, expression of an activated Notchl gene in the thymus 
of transgenic mice results in upregulation of the endogenous Notchl gene in this 
tissue (ROBEY et al. 1996). It is not known whether int-3 upregulates Notchl, 2 or 3 
in mammary epithelium; or if activated Notchl also upregulates Notch2, 3 or 4 in 
the thymus. Each Notch locus may upregulate specifically and only in response to 
activation of its corresponding protein, but not in response to other Notch signals. 
Alternatively, an activated Notch protein may up regulate expression of any Notch 
gene which is present within accessible or open chromatin. 

4.2 bHLH Transcription Factor Networks: E(spl)/Groucho 
and Mastermind 

The Notch signaling pathway regulates expression of basic Helix-Loop-Helix 
(bHLH) transcription factors (CAMPUZANO and MODOLELL 1992; OLSON and 
KLEIN 1994; WEINTRAUB 1993). Defining features of the bHLH proteins are a basic 
domain for specific DNA binding, and a Helix-Loop-Helix domain for dimeri
zation. In Drosophila, Notch can induce N-box bHLH proteins encoded by the 
Enhancer of split [E(spl)] gene complex (BAILEY and POSAKONY 1995; JENNINGS et al. 
1994, 1995; LECOURTOIS and SCHWEISGUTH 1995). 

The E(spl) locus was identified in a screen to isolate genes, which, when mu
tated, would enhance the small eye phenotype of Notchsplitmutant flies (TIETZE et al. 
1992; WELSHONS 1956). Loss of function mutations at this locus were later found to 
induce neurogenic phenotypes (LEHMANN et al. 1983). Thus, the E(spl) locus is 
required genetically for Notch-dependent development. This locus encodes two 
distinct types of transcription regulating proteins, N-box bHLH proteins and 
Groucho, which interact to create a transcription repressor complex (HARTLEY et al. 
1988; KLAMBT et al. 1989; KNUST et al. 1987; PAROUSH et al. 1994). The E(spl) 
bHLH proteins are directly induced by Notch and SuCH) through RTGGGAA 
promoter sequences (BAILEY and POSAKONY 1995; BRou et al. 1994; FURUKAWA et 
al. 1995; LECOURTOIS and SCHWEISGUTH 1995; TAKEBAYASHI et al. 1994). Once 
E(spl) bHLH DNA-binding proteins are induced, they bind to the widely expressed 
Groucho transcription repressor protein. E(spl)bHLH:E(spl)Groucho complexes, 
in turn, target specific promoter N-box sequences (CACNAG) for transcriptional 
repression (TIETZE et al. 1992). In this way, Notch can simultaneously induce gene 
expression from CSL-binding sites and repress gene expression at N-box sites. In 
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vertebrates, the Notchl gene can also induce N-box bHLH proteins including Hesl 
and the Enhancer of Split Related protein-l (ESR-l) (JARRIAuLT et al. 1995; 
WETTSTEIN et al. 1997). 

The Drosophila E(spl)-C codes for 7 bHLH proteins of approximately 200 
amino acids each (DELIDAKIS and ARTAVANIS-TsAKONAS 1992; KNUST et al. 1992). 
These proteins share three domains in common, including a conserved 57 amino 
acid basic helix-loop-helix domain at their N-termini. A proline residue is found in 
the basic region of E(spl) and Hairy bHLH domains, which is responsible for 
specific binding to N-box DNA recognition sites (BIER et al. 1992; FEDER et al. 
1993; ISHIBASHI et al. 1993; RUSHLOW et al. 1989; SASAI et al. 1992). The bHLH 
domain is followed by a 37 amino acid Orange domain which imparts specific 
repressive functions on each protein (Dawson et al. 1995). For example, the Orange 
domain of Hairy is specifically required for Hairy-mediated inhibition of the Scute 
E-box bHLH protein. In other words, the Orange domain of E(spl)m8 cannot 
substitute for the Orange domain of Hairy. In contrast, the bHLH domain of Hairy 
can be replaced by the bHLH domain of E(spl) in this assay. The C-terminus of 
E(spl) and other N-box bHLH proteins codes for a tetrapeptide, WRPW, which 
binds to Groucho (PAROUSH et al. 1994). Recently, it has been speculated that the 
Orange domain facilitates repression of a specific set of transcription factors by 
each N-box bHLH protein (DAWSON et al. 1995). In contrast, the C-terminal 
WRPW:Groucho-binding domain is used by all N-box bHLH protein to inhibit 
more general transcriptional activation. 

N-box bHLH proteins induced by Notch typically antagonize E-box bHLH 
transcription factors including the Achaete/Scute-Complex proteins during neu
ronal development (HEITZLER et al. 1996; SASAI et al. 1992). How do E(spl) bHLH 
proteins antagonize E-box bHLH proteins? One possibility is that the Orange 
domain of E(spl) proteins can bind directly to specific E-box proteins in such a way 
as to inhibit their transcriptional activation properties. Alternatively, the N-box 
element in the promoter of Achaete/Scute-Complex genes may bind the E(spl) 
bHLH:Groucho repressor complex during lateral specification (OHSAKO et al. 1994; 
PAROUSH et al. 1994; VAN DOREN et al. 1994). By repressing Achaete/Scute function 
or expression, the Notch-induced E(spl) N-box proteins can block neuronal dif
ferentiation. Furthermore, E-box proteins can regulate the expression of Delta 
(KUNISCH et al. 1994). By activating E(spl) expression to counteract the E-box 
bHLH protein responsible for DSL ligand expression, Notch signaling will repress 
ligand expression and ensure lateral specification. 

Groucho is a 719 amino acid nuclear protein with 4 conserved domains 
(HARTLEY et al. 1988). The N-terminal130 amino acid region of Groucho is highly 
related to its mammalian TLE/Groucho relatives (TLEI-4) (STIFANI et al. 1992) 
(numerous other homologues have been identified in other mammalian species: see 
Genebank). This is followed by a nuclear localization and putative phosphorylation 
sequences (HUSAIN et al. 1996), an N-box bHLH protein binding domain (from 
amino acid 251-414; GRBAVEC and STIFANI 1996; PAROUSH et al. 1994) and four 
WD40 repeats. Interestingly, Groucho related proteins have been identified in 
mammals which lack the WD40 repeats (SCHMIDT and SLADEK 1994). As the 
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Groucho proteins dimerize, it has been suggested that these shorter proteins may 
function to inhibit functions of full sized Groucho proteins (PINTO and LOBE 1996). 
Mastermind is also one of the neurogenic genes which cause lethal hypertrophy of 
neural tissues in the Drosophila embryo (SMaLLER et al. 1990). Alleles of master
mind have been identified as enhancers or suppressors of Notch dependent phe
notypes in many genetic screens. In Drosophila melanogaster, mastermind encodes 
an unusual 1596 residue nuclear protein which is extremely rich in amino acid 
homopolymers. For example, almost 50% of this protein is made from glutamine, 
glycine and asparagine, which are organized into numerous homo polymeric runs of 
five or more residues. These stretches surround charged clusters of amino acids 
which are highly conserved in Mastermind from Drosophila virilis (NEWFELD et al. 
1994). Recently the Mastermind and Groucho proteins have been found to colo
calize at specific chromosomal regions (BETTLER et al. 1996), suggesting that, 
perhaps a complex containing E(spl) bHLH proteins Groucho and Mastermind 
may function to repress gene expression in response to Notch activation. 

4.3 Notch Regulates the Expression of Vestigial 

In Drosophila, the Vestigial protein is required for specification and growth of wing 
tissue (KIM et al. 1996). Expression of vestigial (vg) is highly regulated through 
activation and repression of specific enhancer sequences (KIM et al. 1996; WILLIAMS 
et al. 1994). At the dorsal/ventral (D/V) compartment boundary, Vestigial is ex
pressed in response to Notch activation. A D/V-specific enhancer has been 
identified which resides on a 750-bp EeoRI fragment of the vg second intron. This 
enhancer is extremely conserved between Drosophila melanogaster and D. virilis and 
contains a SuCH) binding site in both species. Mutation of this SuCH) site com
pletely obliterates D/V boundary expression of the enhancer, indicating that Notch 
and SuCH) function together to activate vg expression at the DIY boundary. It will 
be interesting to characterize other transcription factors which interact with the 
D/V enhancer as some may also bind to the Notch cytoplasmic domain or to the 
Notch:Su(H) complex. 

4.4 CSL-Independent Signaling 

N-Box bHLH proteins have been shown to block differentiation of neuronal cells 
(ISHIBASHI et al. 1994). In C2C12 myoblasts, Jagged1 induced activation of Notch 1 
blocks expression of muscle specific genes and therefore blocks differentiation 
(LINDSELL et al. 1995). The cytoplasmic domain of Notch1 can also inhibit muscle 
cell differentiation (KOPAN et al. 1994). In C2C12s, the Ram domain of Notch1 is 
not required for this effect (SHAWBER et al. 1996b), as expression of the cdclO repeat 
region of Notch in C2C12 myoblasts is sufficient to prevent muscle cell differenti
ation. The cdclO domain of Notch is unable to form a stable complex with CBF-1, 
is unable to activate expression from promoters containing CBF-1 binding sites and 
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is unable to up regulate the expression of the N-box bHLH protein HES-1. In fact, 
exogenous expression of HES-1 in C2C12 myob1asts does not even block myo
genesis, indicating that the pathway by which Notch and CSL proteins induce 
N-box bHLH proteins to block neuronal differentiation is not responsible for 
Notch-mediated inhibition of C2C12 muscle cell differentiation (SHAWBER et al. 
1996b). Surprisingly, expression of HES-1 in IOTl/2 fibroblasts blocks MyoD
induced myogenic conversion, indicating that this N-box bHLH protein has cell 
type specific effects on the myogenic differentiation pathway (SASAI et al. 1992). 

Experiments in C. elegans with GLP-1 reveal that the cdc1 0 repeat domain (with 
surrounding amino acids) behaves as an activated allele by inducing the multivulval 
phenotype (Muv) (ROEHL et al. 1996; ROEHL and KIMBLE 1993). The "specific 
activity" of this minigene is increased through addition of Ram domain sequences. 
Thus, interaction between the GLP-1 cytoplasmic domain and the CSL protein 
Lag-1 is not required for induction of the Muv phenotype but simply enhances 
GLP-1 signaling strength in this system. In Drosophila, expression of a fragment of 
Notch, from amino acid 1790 to the C-terminus, rescues the cuticle phenotypes in 
Notch null flies (LIEBER et al. 1993). This same fragment of Notch can also induce 
"activated" Notch phenotypes (antineurogenic phenotypes) in wild type flies. Sur
prisingly this fragment is missing part of the Ram domain (amino acids 1769-1880 
constitute the full Ram domain although 1769-1825 can also bind to Su(H) with 
reduced affinity: Fig. 2). This activated Notch protein from amino acid 1790 to the 
C-terminus is expected to associate poorly with Su(H), yet it functions in the absence 
of wild type Notch, and can inhibit neurogenesis in its presence. While CSL proteins 
are known to be very important components of the Notch family of receptors, there 
are clearly CSL-independent signals downstream of Notch proteins in several 
systems (BAILEY and POSAKONY 1995; LECOURTOIS and SCHWEISGUTH 1995). 

5 Regulators of Notch 

There are numerous mechanisms by which Notch proteins are regulated. These 
include regulation of cell surface expression, regulation of subcellular localization, 
regulation of proteolytic activation, regulation of nuclear translocation and regu
lation of proteolytic degradation. In several cases a protein has been identified 
which may regulate these processes. 

5.1 Proteolytic "Activation" of Notch-Family Proteins 

The large transmembrane Notch protein in Drosophila and in mammals is processed 
to a smaller 100--110 kDa protein fragment, which reacts with antiserum raised 
against cytoplasmic domain sequences (AHMAD et al. 1995; ASTER et al. 1994; KIDD 
et al. 1989; ZAGOURAS et al. 1995). Very recently it has been shown that Notch 
proteins are cleaved by the disintegrin metalloprotease Kuzbanian (and its ortho-
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logues) (PAN and RUBIN 1997; ROOKE et al. 1996), This processing event is thought to 
occur either between the EGFL repeats region and the LNR region (BLAUMUELLER 
et al. 1997) or between the LNR region and the transmembrane domain (CRITIEN
DEN et al. 1994), in the Trans-Golgi network (BLAUMUELLER et al. 1997). Thus, cell 
surface Notch is a heterdimeric receptor complex, much like the Receptor for Insulin. 
The two Notch peptides which are generated by Kuzbanian proteins remain asso
ciated at the cell surface, likely through disulfide bond formation (BLAUMUELLER et 
al. 1997). It will be interesting to determine whether some activating mutations in 
Notch protein EGFL repeats or in the LNR domain actually disrupt association of 
N- and C-terminal peptides at the cell surface. 

Cytoplasmic domain fragments of Notch or Notch-family proteins may in 
some cases represent an "activated form" of the protein. Activation through pro
teolysis may be an important mechanism to ensure irreversible commitment in a 
cellular signaling cascade. Very little is known about proteolytic "activation" of 
Notch proteins. All Notch family proteins, including LIN-12 and GLP-l, contain a 
short stretch of basic amino acids just inside the transmembrane domain which may 
be a site of cleavage (Fig. 1). This site forms the N-terminal boundary of the Ram 
domain and is therefore expected to encode the N-terminus of activated subfrag
ments of Notch (Fig. 2). The extracellular LNR domain is likely involved in reg
ulating processing, since inclusion of this domain in a truncated Notch 1 
miniprotein (lacking the EGF repeat region of the extracellular domain and the C
terminal PEST domain) blocks proteolytic cleavage in 3T3 cells (KOPAN et al. 
1996). The LNR domain, together with two conserved juxtamembrane cysteine 
residues, forms an inhibitory extracellular domain which is thought to prevent 
dimerization of Notch proteins in the absence of ligand stimulation. It is therefore 
possible that dimerization of Notch-receptors may be a prerequisite for proteolytic 
release of the cytoplasmic domain. Specific proteases are involved in this process, 
since cleavage of the Notch receptor miniprotein (see above) is sensitive to a 
peptidy1 aldehyde inhibitor (N-Cbz-L-Leu-L-Leu-Leu-H or MG132), but not to 
other protease inhibitors such as the calpain I and calpain II inhibitors (KOPAN et 
al. 1996). The protease responsible for this process has yet to be identified. 

It is interesting to note that other transmembrane transcription factors can be 
activated through regulated proteolytic processing (WANG et al. 1994). In the cho
lesterol feedback system, for example, the Sterol Regulatory Element Binding 
Proteins (SREBP-l and SREBP-2) each contain a basic-helix-loop-helix-leucine 
zipper (bHLH-ZIP) transcription factor domain attached to two membrane-span
ning regions and a regulatory domain. In sterol depleted cells, a subfragment of one 
or both SREBPs is released by a two-step proteolytic process, after which the 
bHLH-ZIP domain trans locates to the nucleus and activates expression of the LDL 
receptor gene and several cholesterol biosynthetic enzyme genes. For Notch pro
teins, ligand induced proteolytic activation has not been described and therefore it 
remains to be determined how this proteolysis reaction is controlled. Perhaps one or 
more of the proteins involved in SREBP activation or related proteins may par
ticipate in activation of Notch proteins (HUA et al. 1996). Activation of Notch may 
even require both ligand-induced activation and the presence of additional signals. 
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The biological function of endogenous Notch cytoplasmic domain subfrag
ments also remains to be determined. Some of these fragments have even been 
detected in the nucleus of differentiated retinal neurons in the rat and in cervical 
epithelium and cervical carcinoma of humans (AHMAD et al. 1995; ZAGOURAS et al. 
1995). It is also important to note that nuclear staining of Notch proteins has not 
been detected in either Drosophila or C. elegans. It is possible that nuclear forms of 
the Notch receptors have a very short half-life and are therefore difficult to detect. 

5.2 Deltex is a Positive Regulator of Notch Signaling 

The Deltex protein is a positive regulator of Notch signaling in Drosophila. Mu
tations in deltex suppress lethality observed in some heteroallelic combinations of 
activated Notch mutations (Abruptex alleles), and strongly enhance heterozygous 
loss of function mutations in Notch, delta and other Notch pathway components 
(Busseau et al. 1994). Overexpression of Deltex yields phenotypes which are similar 
to those observed in response to inappropriate activation of Notch (MATSUNO et al. 
1995). Deltex binds to Notch cdclO repeats 1 through 5 and co-localizes with Notch 
in transfected S2 tissue culture cells (DIEDERICH et al. 1994; MATSUNO et al. 1995). 
This protein is 737 amino acids and contains three domains, designated I, II and 
III, separated by the presence of two opa repeat regions (polyglutamine sequences 
commonly found in Drosophila proteins including Notch). Domain I, which lacks 
significant homology to known structural motifs, is sufficient for Notch-binding 
(MATS UNO et al. 1995). This domain is also sufficient to induce Deltex overex
pression phenotypes in Drosophila or to suppress the lethality associated with deltex 
severe loss of function mutations. Domains II and III contain a putative 
SH3-binding domain and a RING-H2-finger domain respectively and are expected 
to interact with other signaling proteins or pathways (FREEMONT 1993; REN et al. 
1993). The Deltex protein functions upstream of the "cytoplasmic domain" of 
Notch, as overexpression of an extracellular domain deletion mutant of Notch can 
rescue deltex null mutants (MATSUNO et al. 1995). Interestingly, Deltex and SuCH) 
bind to Notch in a mutually exclusive manner. Domains I, II and III each ho
modimerize in two hybrid assays (MATSUNO et al. 1995), suggesting that Deltex 
might regulate oligomerization or endocytosis of Notch in response to ligand 
stimulation. 

A mammalian homologue of Deltex, FXI-TI, has recently been identified in a 
screen for cDNAs which were highly expressed in radiation-induced thymomas in 
comparison to normal thymic tissue (PAMPENO and MERUELO 1996). In addition, 
the sequences of two distinct but highly related genes with homology to De1tex 
have been deposited in the expressed sequence tag database. Sequence comparison 
between FXI-Tl and Drosophila Deltex reveals that all three domains are con
served. Domain I, the Notch-binding domain of Deltex, is similar in both proteins 
(29% identity over 136 amino acids) but significantly shorter in the mammalian 
protein. Domain II is unrelated in primary amino acid sequence between FXI-Tl 
and Deltex but contains putative SH3-binding domains in both proteins. Finally, 
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domain III is highly conserved between FXI -Tl and Deltex, and contains a 
RING-H2-finger motif in each case. As there are four mammalian Notch proteins 
and at least three Deltex proteins in mammals, it seems possible that each Deltex 
protein may bind to a distinct Notch or to a partially overlapping set of the Notch 
proteins. 

5.3 SEL-12 and the Presenilins; Positive Regulators 
of Notch Protein Signaling 

Loss of function mutations in the C. elegans sel-12 gene can suppress phenotypes 
associated with a gain-of-function lin-12 point mutant (in the extracellular juxta
membrane region) and can enhance the phenotypes associated with loss of function 
mutations in either lin-12 or glp-I (LEVITAN and GREENWALD 1995). It is also 
known that SEL-12 is required in cells which are receiving a LIN-12 signal and not 
in their signaling neighbors. Thus, the SEL-12 protein is required for LIN-12 and 
GLP-l signaling in C. elegans. Interestingly SEL-12 is highly related to human 
Presenilin-l and -2, which, when mutated, cause early onset Alzheimer's disease 
(ROGAEV et al. 1995; SHERRINGTON et al. 1995). Human Presenilin proteins can 
even rescue loss of function sel-I2 mutant worms, indicating that SEL-12 and the 
Presenilins interact with similar targets or partners in their respective organisms 
(LEVITAN et al. 1996). Human Presenilin-l protein (PS 1) is localized to the endo
plasmic reticulum and golgi complex when ectopically expressed in Cos or H4 
neuroglioma cells (COOK et al. 1996; KOVACS et al. 1996). Human PSI and 
C. elegans SEL-12 are both serpentine proteins, which contain cytosolic N- and 
C-termini, separated by seven to nine transmembrane domains (likely eight) (DOAN 
et al. 1996; LI and GREENWALD 1996). These proteins are cleaved in vivo after the 
sixth transmembrane domain (THINAKARAN et al. 1996). Endoproteolysis of PSI 
results in the accumulation of an ",27-kDa N-terminal fragment and a ",17-kDa 
C-terminal fragment. Accumulation of these fragments in vivo is limited, either by 
a rate limiting proteolytic process or by rapid clearance of N- and C-terminal 
fragments when they are produced in excess of a threshold concentration. Many of 
the Presenilin mutants which have been isolated from early onset Alzheimer's 
disease patients (or carriers) contain mutations near the natural site of cleavage and 
these proteins can accumulate as uncleaved precursors in vivo. 

How do mutant Presenilins cause Alzheimer's disease (TANZI et al. 1996; 
YANKER 1996)? In the brains of Alzheimer's disease patients, the amyloid p-peptide 
(AP) accumulates in plaques which ultimately disrupt neuronal function and sur
vival. These fragments are generated through cleavage of the p-amyloid precursor 
protein at specific sites. This cleavage is believed to occur either within the golgi 
complex or early endosomes. Indeed mutant Presenilin proteins induce accumulation 
of elevated levels of pathological AP 1-42 fragments in vitro and in vivo (BORCHELT 
et al. 1996; DUFF et al. 1996; LEMERE et al. 1996; SCHEUNER et al. 1996). Recently it 
was discovered that Presenilin-2 can bind directly to unprocessed BAPP, suggesting 
that it controls processing and/or transport of BAPP (WEIDEMANN et al. 1997). 
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What do these Presenilin proteins have to do with Notch signaling in worms or 
in other organisms? The above scheme could help to explain how PS proteins 
facilitate the proteolytic cleavage of the ~-amyloid precursor protein, but what 
about Notch? Perhaps the presenilin proteins target LIN-l2, GLP-l and Notch 
proteins for specific cleavage as part of a Notch processing or "activation" path
way. Alternatively, Presenilins may facilitate the transport of Notch from its site of 
synthesis to the cell surface. Genetic analysis of the Presenilin proteins in C. elegans 
(LEVITAN and GREENWALD 1995), and now in Drosophila (BOULLIANE et al. 1997) 
will help to define their role in Notch signaling. 

5.4 Numb and Inhibition of Notch Signaling 

During Drosophila neurogenesis, asymmetric division of neuroblasts and sensory 
organ precursor cells causes segregation of critical cell fate determinants to one 
daughter cell at the expense of the other (POSAKONY 1994). One intrinsic determi
nant is the Numb protein (RHYU et al. 1994; UEMURA et al. 1989). Numb is a 557 
amino acid adapter protein that inhibits activation of Notch by Delta (Delta is 
expressed in adjacent mesodermal and neuroectodermal cells) (CAMPOS-ORTEGA 
1996; FRISE et al. 1996; Guo et al. 1996; SPANA and DOE 1996). Due to selective 
partitioning of the'" 70-kDa Numb protein into one daughter cell, Notch is in
hibited in this cell but not in its sibling. In the sensory organ precursor lineage, 
Notch is required to activate expression of the Tramtrack zinc finger transcription 
factors, which in turn are necessary to induce sheath cell fate (Guo et al. 1996). 

Recently a mammalian homologue of Drosophila Numb has been identified 
(VERDI et al. 1996; ZHONG et al. 1996). Both D-Numb and mNumb contain two 
identifiable domains: an N-terminal Phosphotyrosine-binding-domain (PTB-do
main) and a C-terminal domain which includes SH3-binding sequence(s). The PTB 
domain is contained within a larger conserved N-terminal region of approximately 
300 amino acids (over 60% identity between D-Numb and mNumb in this region). 
The PTB domain of Drosophila and mouse Numb can bind directly to Notch and 
Notchl respectively (Guo et al. 1996; ZHONG et al. 1996). This interaction does not 
require tyrosine phosphorylation of Notch, as Numb can bind to a GST Notch 
cytoplasmic domain fusion protein which has been produced in bacteria. Numb
binding sequences of Notch have been defined to include both Ram and C-terminal 
domains. Surprisingly, Numb does not disrupt the association of SuCH) and Notch 
in tissue culture cells (FRISE et al. 1996). Several mNumb proteins are generated 
through alternative splicing of mNumb mRNA (VERDI et al. 1996; ZHONG et al. 
1996). Indeed the cloned mouse and rat mNumb proteins are nearly identical, with 
the exception of an additional II amino acid insert in the rat Numb PTB domain 
with respect to the published mouse protein. It has not been determined whether 
this long PTB isoform from the published Rat mNumb is capable of binding 
directly to Notch proteins or whether it binds to distinct signaling molecules. 

The C-termini of D-Numb and mNumb both contain multiple PXXP con
sensus SH3-binding domains. The natural SH3-containing partner(s) for Numb 
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proteins have not been determined, but the mNumb C-terminal PXXP-containing 
region has selective affinity for the SH3 domain of p60src in comparison to the SH3 
domains of ABL, v-CRK, GAP, p85 and FYN (a distinct SRC-family kinase), 
suggesting that the src protein may bind to mNumb in vivo (VERDI et aL 1996). 

In addition to PTB and SH3-binding domains, D-Numb possess a targeting 
sequence which partitions it to one of two daughter cells following division of the 
neuroblast or sensory organ precursor. The sequences responsible for partitioning 
D-Numb have yet to be defined but must be conserved since mNumb colocalizes with 
D-Numb in Drosophila, partitions with D-Numb in Drosophila (ZHONG et aL 1996), 
and rescues D-Numb loss of function phenotypes in Drosophila (VERDI et aL 1996; 
ZHONG et aL 1996). The mechanism for targeting Numb to a specific membrane 
subdomain and the mechanism for selecting the plane of cell division are coordinated 
in Drosophila (KNOBLICH et al. 1995; KRAUT and CAMPOS-ORTEGA 1996; KRAUT et aL 
1996; LIN and SCHAGAT 1997; RHYU et aL 1994) in order to segregate D-Numb to one 
of the two daughter cells. In contrast, mNumb is apically localized within the 
mammalian neural tube independent of the cell division plane and can therefore be 
partitioned to one or both daughter cells depending on the plane of cell division 
(ZHONG et aL 1996). The partner proteins or molecules which regulate Numb 
localization or function await to be discovered. Perhaps Numb localization or 
function is regulated by phospho tyrosine containing proteins which copurify with 
the PTB domain of Rat mNumb in vitro or the highly conserved Seven-in-absentia 
proteins which can associate with mNumb in two hybrid assays (VERDI et aL 1996). 

5.5 Dishevelled and Regulation of Notch Signaling 
by PDZ Containing Proteins 

As mentioned in Sect. 2.2 above, the Wingless protein can inhibit Notch activation 
in response to Delta but may facilitate Notch activation in response to Serrate 
(AXELROD et al. 1996; Couso et al. 1995; JONSSON and KNUST 1996). The mecha
nism by which Wingless controls the specificity of Notch for its ligands remains to 
be elucidated. However, a component of the "Wingless signaling pathway" is ca
pable of binding to the Notch cytoplasmic domain and, when overexpressed, this 
protein can inhibit Notch function (AXELROD et al. 1996). Dishevelled is required 
for reception of a Wingless signal in Drosophila and is phosphorylated and mem
brane localized in response to Wingless stimulation (YANAGAWA et al. 1995). Di
shevelled is a 623 amino acid adapter protein with three conserved domains 
(KLINGENSMITH et aL 1994; SUSSMAN et aL 1994; THEISEN et aL 1994). The first 
domain at the N-terminus is unique to Dishevelled proteins which have been 
identified in several species. The second domain is a PDZ domain which has been 
identified in a number of signaling proteins including fSD-95, Drosophila Qisk 
Large and ~O-1 (between residues 257 and 338) (FANNING and ANDERSON 1996; 
HARRISON 1996), and the third domain is a domain found in B,egulators of 
Q-protein ~ignaling proteins or RGS proteins (located between residues 394 and 
474) (IYENGAR 1997). Drosophila Dishevelled can bind directly to the C-terminal 
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domain of Drosophila Notch (C-terminal to the cdc10 repeat region from amino 
acid 2109-2703) (AXELROD et al. 1996). The N-terminus of Dishevelled, from 
amino acid 1-393, is sufficient for Notch-binding in yeast two hybrid experiments. 
Interestingly, this region includes the PDZ domain, which in the context of many 
other proteins has been implicated in binding to the C-terminus of specific receptors 
or signaling proteins. The Dishevelled PDZ domain is predicted to bind C-terminal 
sequences in Frizzled receptor proteins (BHANOT et al. 1996; WANG et al. 1996). 

The C-terminus of Notch (KGSEAIYI) is a candidate PDZ-binding domain. 
Originally the consensus PDZ-binding domain was a C-terminal SjTXV sequence. 
Recent analysis of several PDZ domains, however, indicates that additional 
C-terminal or even internal peptide motifs can bind to PDZ domains (SONGYANG 
et al. 1997). Indeed, most if not all Frizzled family and Notch-family receptors 
contain C-terminal sequences which potentially bind to PDZ domains. The 
C-termini of Notch proteins are conserved. For example Notchl C-termini from 
humans, mice, rats, Xenopus and zebrafish are nearly identical (TjNHIPEAFK). 
The Notch2 and Notch3 C-termini are conserved and related (HSNMQKY:1 and 
TPKRQEM:1 respectively). The LIN-12 and GLP-l C-termini may also bind to 
PDZ domains (LIN-12: YSEPAHYF and GLP-l: QMNGSFYC). 

Dishevelled proteins are believed to regulate the organization and polarity of 
membrane subcompartments in response to multiple extracellular signals 
(KLINGENSMITH and NUSSE 1994; KRASNOW et al. 1995). Drosophila Dishevelled is 
an important mediator of Wingless signal transduction but also of transduction 
from the D-Frizzledl receptor which regulates tissue polarity in flies. How does 
Dishevelled inhibit Notch? Five mechanisms can be easily imagined: (a) Dishevelled 
inhibits glycogen synthase kinase 3 (GSK3) family kinases, which may positively 
regulate Notch signaling (NOORDERMEER et al. 1994; RUEL et al. 1993; SIEGFRIED 
et al. 1994), (b) Dishevelled PDZ domain may target Notch to a specific subcellular 
compartment where Delta cannot stimulate Notch, (c) the Dishevelled PDZ do
main may compete with PDZ domains of other proteins which are required for 
correct targeting of Notch to a specific subcellular compartment where Delta 
functions (MIYAMOTO et al. 1995), (d) Dishevelled may block transcriptional acti
vation by nuclear Notch, or (e) Dishevelled may target Notch for degradation. It is 
interesting to note that a truncated Notch protein which has lost sequences 
downstream of the cdc10 repeat domain is resistant to inhibition by Dishevelled 
(AXELROD et al. 1996). This Notch mutant is therefore "activated" and dominant 
over Dishevelled when both proteins are ectopically expressed. Similarly truncated 
forms of GLP-l are also hyperactive (MANGO et al. 1991). Interpretation of these 
results is complicated by the fact that deletion of C-terminal PEST sequences in 
addition to deletion of the Dishevelled-binding domain, may contribute to the 
activity of truncated Notch or GLP-l proteins by increasing their respective half
lives. Mammals have at least three Dishevelled homologues which likely respond to 
distinct Frizzled receptors and may inhibit distinct Notch proteins. 

Another PDZ containing protein has been implicated in Notch signaling. The 
Canoe protein is required for activated abruptex alleles of Notch to block vein tissue 
formation in Drosophila (MIYAMOTO et al. 1995). In addition, loss of function 
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mutations in the canoe gene result in enhancement of wing notching observed in 
female flies heterozygous for Notch loss of function alleles. These and other data 
suggest that Canoe is required for normal Notch activation or signal transduction 
in several fruit fly tissues. The Canoe PDZ domain is centrally located between 
residues 843 and 926 in this 1893 amino acid protein. Canoe is related to the 1612 
amino acid AF-6 protein in humans (PRASAD et al. 1993). AF-6 was discovered as a 
fusion partner of the ALL-l gene, a human homologue of Drosophila trithorax 
located on chromosome 11, which has been implicated in a large number of acute 
leukemias. Canoe and AF-6 share homology throughout most of their respective 
coding regions particularly in the PDZ domains and the N-terminal domains which 
bind to GTP-loaded Ras (KURIYAMA et al. 1996). The exciting discovery that 
Canoe/AF-6 interacts genetically with Notch and physically with Ras raises the 
possibility that this protein represents a mechanism by which these two ancient and 
conserved signaling pathways are crossregulated (MATSUO et al. 1997) (see below). 
The PDZ domain of AF-6 selects [Y-§orA-F, I, MorY-Y or F-V, !:' I or L] C
terminal peptides from a degenerate peptide library which are related to the C
terminus of Notch 1 at two positions (PJiAf. K) (SONGYANG et al. 1997). Together, 
these results suggest that Ras may control the subcellular localization (or activity) 
of Notch. 

5.6 SEL-l and Proteolysis of Notch-Family Receptors 

Loss of function mutations in the C. elegans SEL-J gene suppress the phenotypes 
associated with reduced LIN-12/GLP-l activity but cannot suppress the pheno
types associated with complete loss ofLIN-12 or GLP-l (GRANT and GREENWALD 
1996). Mutations in SEL-J do not, however, suppress phenotypes associated with 
reduced function of other receptor proteins including receptor tyrosine kinases, 
receptor serine/threonine kinases and serpentine receptors. Therefore, SEL-l is a 
specific negative regulator of LIN-12 and GLP-l. Cell ablation studies have shown 
that SEL-l functions within cells receiving LIN-12 or GLP-l signals, as opposed to 
functioning within cells which presents ligands for these receptors (GRANT and 
GREENWALD 1997). SEL-l is a widely expressed 685 amino acid protein with a 
functional signal sequence and is found primarily within intracellular vesicles. 
SEL-l is related in structure to proteins in humans (predicted by the overlap of the 
IBD2 cDNA and multiple expressed sequence tag cDNA clones in the public da
tabases) and yeast (HRD3p) (GRANT and GREENWALD 1996, 1997). These proteins 
contain a signal sequence, similar amino acid composition, multiple copies of a 
LXYY motif, and a novel 68 amino acid motif near their short hydrophobic 
C-termini. The yeast HRD3p protein regulates degradation of an endoplasmic 
reticulum membrane protein, HMG-CoA reductase, which is a critical cholesterol 
biosynthetic enzyme (HAMPTON et al. 1996). How might a C. elegans protein which 
is related to a yeast protein responsible for destruction of HMG CoA reductase 
negatively regulate Notch signaling in this organism? The Notch family proteins 
including LIN-12 and GLP-l all contain PEST sequences which are typically as-
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sociated with rapid turnover. Perhaps SEL-I specifically targets Notch family 
proteins for destruction. Rapid turnover may be an important feature of Notch 
proteins since they can be used for cell fate decisions within two or more successive 
cell division cycles. Consequently, active fragments of Notch may need to be im
mediately cleared following each cell fate decision. Alternatively, the connection 
between cholesterol metabolism and Notch receptor signaling may be significant. 
As the SCAP protein (required for proteolytic activation of SREBP I and 2) 
contains a region of homlogy to HMG CoA reductase, perhaps SEL-I and SCAP 
regulate activation of Notch and SREBP transcription factors (HuA et al. 1996; 
PAHL and BAEUERLE 1996). 

5.7 Hairless, Bearded and E(spl)m4 

A serine-rich protein termed Hairless has been identified in Drosophila which in
hibits the ability of SuCH) to bind to its RTGGGAA recognition sequence (BANG 
et al. 1995; BANG and POSAKONY 1992; BROU et al. 1994; MAIER et al. 1992). The 
Hairless interaction domain on CSL proteins has been localized to a small and 
highly conserved region (between amino acid 330 and 438 in human CBF-I isoform 
RBP3). Interestingly the region of CSL proteins which interact with Hairless 
overlaps the region required for DNA binding. This overlap explains how Hairless 
can block the association of CSL proteins with their target DNA sequences. The site 
of the Hairless interaction domain in CSL proteins also includes the putative Mapk 
phosphorylation site (CHRISTENSEN et al. 1996), as discussed above (see Sect. 3.2), 
suggesting that phosphorylation of CSL proteins could even regulate the interaction 
between CSL proteins and Hairless proteins. Such regulation would constitute a 
mechanism by which the Ras/Mapk pathway could cross-regulate the Notch 
pathway. The Hairless protein, which is 1076 amino acids in length, only requires a 
small domain from amino acid 212 to 293 in order to interact with Drosophila SuCH) 
or human CBF-l in vitro (BROU et al. 1994). Hairless orthologues have not yet been 
described in C. elegans or in vertebrates. Conservation of the Hairless interaction 
domain in CSL proteins from worms to humans, as well as the binding of 
Drosophila Hairless to human CBF-l, together suggest that such proteins exist. 

Bearded and E(spl)m4 are related proteins which function to inhibit Notch 
signaling (KLAMBT et al. 1989; LEVITEN and POSAKONY 1996). Overexpression of 
Bearded in flies from gain-of-function Brd 1 or Brd3 alleles results in increased SOP 
specification within several proneural regions (LEVITEN and POSAKONY 1996). In 
some cases these SOP cells divide to produce two pUb progeny, instead of one pUa 
and one pUb. The generation of extra SOP cells and the transformation of pUa into 
pUb cells both suggest a failure to activate Notch during cell fate specification. 
These Brd gain-of-function phenotypes are specifically enhanced in flies heterozy
gous for loss of function mutations in neuralized or Notch, and are suppressed in 
flies heterozygous for loss of function mutations in hairless or in flies with an extra 
wild type Notch gene. Other genes on the Notch signaling pathway or regulating 
the Notch signaling pathway, such as Delta, SuCH), E(spl)-C, mastermind, big 
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brain, shaggy, scabrous and the Achaete/Scute complex, do not show strong dosage 
sensitive interactions with Brd I or Brd3 alleles. 

In addition, loss of function mutations in hairless result in fewer SOP cells 
being formed. Simultaneous Hairless loss of function and Bearded overexpression 
result in fewer SOP cells. These data suggest that Bearded may function in a 
biochemical pathway upstream of Hairless to regulate Notch (Notch-Su(H)) sig
naling. The primary amino acid sequence of Bearded is not yet published but is 
reported to be very similar to the sequence of E(spl)m4 (LEVITEN and POSAKONY 
1996). m4 is a 152 amino acid protein of novel structure which contains a potential 
tyrosine phosphorylation site at residue 96 (KLAMBT et al. 1989). Null alleles of 
bearded do not alter Drosophila development. It is believed that this is due to a 
functional redundancy between Bearded and E(spl)m4. Perhaps bearded and 
E(spl)m4 must be mutated together in order to determine the developmental/sig
naling function of these related proteins (LEVITEN and POSAKONY 1996). 

5.8 Neuralized 

As noted above, loss of function mutations in the neuralized gene enhance the 
phenotypes associated with overexpression of Bearded (LEVITEN and POSAKONY 
1996). neuralized is one of the classical neurogenic genes which when mutated in the 
Drosophila embryo results in overrepresentation of neural tissues (LEHMANN et al. 
1983). The Neuralized protein is therefore required (together with Delta, Notch and 
the other neurogenics) for cell fate specification at this time. Overproduction of 
neural tissues in flies with mutations in neuralized still occurs in the presence of 
some "activated" alleles of Notch (activated Notch alleles with cysteine to serine 
mutations in the either of the two conserved cysteine residues C-terminal to the 
LNR repeats) but this neural overproduction is blocked by other activated alleles 
(the intracellular domain of Notch, or Notch with an LNR domain deletion) 
(LIEBER et al. 1993). Interestingly, the former alleles but not the latter are still 
dependent on Delta for signaling. Neuralized encodes a basic protein of 754 amino 
acids which contains a C-terminal C3HC4 ring finger motif (BOULIANNE et al. 1991; 
PRICE et al. 1993). Neuralized related sequences have been identified in D. virilis, 
C.elegans and mammals (ZHOU and BOULIANNE 1994) (see also public DNA se
quence databases). In each case the encoded protein is homologous throughout its 
length (note: only partial clones of mammalian Neuralized have been analyzed to 
date). Each protein is also basic and contains a C-terminal C3HC4 ring finger 
(FREEMONT 1993). The ring finger motif of Neuralized proteins is most similar to 
the ring finger domain present in the cytoplasmic Inhibitors of Apoptosis Proteins 
(lAPs) (HAY et al. 1995; ROTHE et al. 1995) as opposed to the C3HC4 ring finger 
domain in the nuclear BRCA1, PMLl or BMI-l proteins. What does Neuralized 
do? It is not yet clear how Neuralized controls neuronal differentiation during 
Drosophila development or if it directly interacts with components of the Notch 
signaling pathway. What is the subcellular localization of this protein? Why does 
neuralized show strong dosage sensitive interactions with Notch and Bra? Bio
chemical analysis of Neuralized should help to answer these questions. 
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6 Notch Receptor Signaling: Future Directions 

In the preceding sections we have highlighted several of the extracellular and in
tracellular proteins which are required for Notch signaling or which regulate the 
efficiency of Notch signaling. From this analysis several themes emerge. Below we 
summarize some of the questions which remain, the approaches which are likely to 
yield insight on the molecular connections through which Notch functions, and a 
Notch-centric model of development. 

6.1 Notch Receptor Signaling: Genetics and Molecular Biology 

Only a fraction of the proteins which participate in this pathway have been identi
fied. Over the next few years, we are likely to see a large number of additional 
proteins implicated in this pathway. For example, genetic screens have defined the 
existence of numerous other loci which enhance or suppress phenotypes associated 
with gain-of-function or loss-of-function Notch mutations (MAINE and KIMBLE 
1993; VERHEYEN et al. 1996). Proteins which bind to the extracellular domain of 
Notch receptors are eagerly anticipated; as are additional proteins which bind to the 
Notch/LIN-12/GLP-I cytoplasmic domains. Proteins like Hairless, which bind to 
CSL proteins, will likely be important regulators of Notch signaling. Perhaps ad
ditional DNA-binding proteins complex with the Notch cytoplasmic domain in 
order to inhibit differentiation ofmyoblasts (a CSL-independent process). Several of 
the protein products which are discussed in the above sections contain domains 
which are not responsible for interacting with Notch receptors or with other com
ponents of the Notch pathway. The function of these domains has not been deter
mined. For example, what partner proteins bind to the putative SH3-binding 
domain of De It ex, the Ring H2 finger of Deltex, the putative SH3-binding domain of 
Numb, the Ring C3HC4 finger of Neuralized? Two hybrid screens in yeast and 
affinity purification experiments should yield new components shortly. There are 
also several genes which produce neurogenic phenotypes for which no connection to 
the Notch pathway(s) have been made. For example, the Big Brain MIP-channel 
protein or the large transmembrane Pecanex protein are very important and high
ly conserved neurogenic proteins (GILBERT et al. 1992; LABoNNE et al. 1989; 
PERRIMON et al. 1989; RAO et al. 1990; SHIELDS and BASSNETT 1996). Are they 
involved in Notch signaling? Heterozygous mutations in Big Brain do not enhance 
or suppress phenotypes associated with altered Notch signaling but this criterion is 
insufficient reason for its exclusion as a candidate regulator of the Notch pathway. 
In addition, strawberry notch interacts with Notch genetically in several tissues 
(COYLE-THOMPSON and BANERJEE 1993), suggesting that the product of this locus 
may be a critical component or regulator of a Notch signaling pathway. Recently, 
Strawberry Notch has been cloned and found to encode a nuclear protein which is 
required for SuCH) function during inductive Notch signaling in several tissues but is 
not required for lateral specification during neurogenesis (MAJUMDAR et al. 1997). 
This work has highlighted the tissue specific nature of Notch signaling pathways. 
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6.2 Notch Receptor Signaling: Biochemistry and Cell Biology 

Once a cell decides to transcribe Notch gene sequences into mRNA, a long and 
highly regulated journey is undertaken. Every aspect of Notch gene, mRNA and 
protein function is likely the target of specific regulatory mechanisms. The regu
lated steps in this journey may include mRNA translation, glycosylation, transport, 
localization, cleavage, ligand activation, partner binding, nuclear translocation, 
protein turnover, transcriptional activation and transcriptional autoregulation. 
Each of these processes may respond to distinct input signals from other cellular 
signaling pathways. Each process can be studied in isolation by defining the se
quences within Notch which are required for regulation. In addition, the genetic 
screens in Drosophila and C. elegans with specific mutant Notch receptors are likely 
to identify enhancers and suppressors which function at distinct regulatory steps. 
Another fruitful approach will be to identify the phosphorylation sites on Notch, 
CSL proteins, Groucho proteins and other phosphorylated signaling proteins, then 
to define the kinases and the effect of phosphorylation on distinct functions of 
Notch signaling. It would be surprising if second messengers including cAMP, 
Ca2+, PIP2 and its varied derivatives did not affect some aspect of Notch pro
cessing, activation, signaling or turnover. Indeed, the GSK3 kinases are thought to 
affect Notch function (RUEL et al. 1993). 

6.3 Notch Receptor Signaling: Developmental Biology 

Recent analysis in Drosophila has given profound insight into what may be a 
universal function of the Notch receptor system (BAKER et al. 1996; BAKER and Yu 
1997). During eye development, Notch is used to block cellular response to the 
secreted protein Hedgehog and to maintain expression of the Atonal bHLH 
transcription factor (BAKER and Yu 1997). Paradoxically, Notch is later used to 
inhibit expression of Atonal in all of these cells except the future R8 photoreceptor. 
Differentiation of an R8 cell is activated by spatially restricted EGF receptor ac
tivation (FREEMAN 1996; GOLEMBO et al. 1996). Baker and Yu have speculated that 
the same receptor, Notch, is used to both activate and repress Atonal expression for 
two reasons (BAKER and Yu 1997): (a) in order to ensure that signals to induce R8 
cell fate and to block R8 cell fate do not compete and (b) to ensure that induction of 
R8 potential in "intermediate group" cells occurs prior to lateral inhibition which 
limits R8 fate to a single cell within the intermediate group. This situation, where 
Notch links one developmental event to another and where Notch induces two 
opposite effects on the same genes, may be a fundamental feature of this complex 
receptor system. Perhaps the Notch signaling pathways are employed every time 
two or more cell fates are required during development in order to ensure that each 
cell type is generated. Notch may have a "positive" pathway and a "negative" 
pathway, depending on the presence or absence of other signals. In the developing 
fruit fly eye, the other signal may be a tyrosine kinase signal (FREEMAN 1996). 
Biochemical connections between Notch and tyrosine kinase pathways can be en-
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visioned at multiple levels, including: (a) Ras proteins may control the subcellular 
localization of Notch (via Canoe) (MIYAMOTO et al. 1995), (b) tyrosine kinase 
signals may alter the accessibility of SH3 containing protein partners of Deltex 
(BUSSEAU et al. 1994), (c) Map kinase may phosphorylate CSL proteins and thus 
alter their activity (CHRISTENSEN et al. 1996), (d) phosphorylation of bHLH pro
teins may be altered in response to tyrosine kinase signals (LI et al. 1992) and (e) 
phosphorylation of Groucho homologues may respond to tyrosine kinase pathways 
(HUSAIN et al. 1996). 

In the developing wing margin, the "other signal" may be a Wingless signal. 
Notch activates expression of Wingless, yet Wingless functions to limit its own 
expression and to induce bristles at the margin by inhibiting Notch (RULIFSON et al. 
1996). An interesting feature of Wingless/Notch pathway competition is that the 
cytoplasmic adapter protein Dishevelled is required for Wingless signaling yet it 
binds to Notch. Perhaps the Wingless receptor pathway cannot function in the wing 
unless Notch binds to Dishevelled. In this way, a cytoplasmic adapter protein could 
be used to set up a positive and negative pathway which both require Notch. The 
positive pathway would be Notch-mediated coupling of Dishevelled to the Wingless 
pathway. The negative pathway would be Delta/Notch-mediated lateral inhibition 
of Achaete/Scute expression, in order to block Wingless induction of bristles. 

There are many cytoplasmic adapter proteins which have been implicated in 
Notch signaling during specific developmental processes in the fly. Perhaps each 
adapter protein links Notch to a distinct signaling pathway with both positive and 
negative effects on tissue induction in each case. For example, Canoe may connect 
Notch to a Scabrous pathway (MIYAMOTO et al. 1995). Scabrous and canoe interact 
genetically with Notch, and the secreted Scabrous protein was even thought to be a 
Notch ligand. Recent experiments have shown, however, that Scabrous does not 
bind with high affinity to Notch (LEE and BAKER 1996). The Canoe adapter protein 
may couple a Scabrous Receptor or components of a Scabrous signaling pathway 
(p21 RaS?) to Notch. Do the adapter proteins Deltex, Numb and Neuralized also 
couple Notch to distinct signaling pathways? Genetic analysis has demonstrated a 
positive role for Deltex and Neuralized in Notch dependent development. In 
contrast, Numb is known to be an inhibitor of Notch. Perhaps these adapter 
proteins have opposite functions in a connected signaling pathway. 

Crosstalk between Notch and other signaling pathways may therefore be a 
universal theme which is essential for development of mUltiple complementary cell 
fate decisions during inductive patterning. 

6.4 Notch Receptor Signaling: Pathology 

The Notch family proteins have been implicated in the genesis of tumors in nu
merous species from worms to humans (BERRY et al. 1997; ELLISEN et al. 1991). 
Other Notch signaling pathway components have also been implicated in tumori
genesis. For example, the EBNA2 oncoprotein from Epsteine-Barr Virus binds to 
CBF1 in order to alter its transcriptional regulatory functions (HENKEL et al. 1994; 
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HONJO 1996). It is believed that EBNA2 functions to mimic the activated nuclear 
form of Notch. In addition, Notch proteins and Deltex proteins are dramatically 
overexpressed in some tumors, which suggests that oncogenic lesions alter regu
lation of this signaling pathway (ARTAVANIS-TsAKONAS et al. 1995; PAMPENO and 
MERUELO 1996). While the Notch and Deltex genomic loci may not be a direct 
target of carcinogenic mutations in these tumors, the effect of oncogenic lesions on 
increased Notch signaling may be critical for tumor development. 

As mentioned above in Sect. 5.3, the Presenilin proteins have been implicated 
strongly in both Notch signaling and in early onset Alzheimer's disease. Mutations 
in Notch3 have also been associated with an inherited stroke and dementia syn
drome (CADASIL) (JOUTEL et al. 1996). While the majority of cancer, stroke and 
Alzheimer's disease cases in humans are unlikely to result from mutations in genes 
encoding Notch family receptors, signaling partners or regulators, inappropriate 
Notch signaling may be a driving force underlying these devastating pathological 
conditions. 
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Note Added in Proof It has recently been demonstrated that Fringe can alter the 
sensitivity of Notch for Delta and Serrate through a cell autonomous mechanism 
(Panin et al. 1997). In addition, a second mammalian Numb homologue has been 
identified (ZHONG et al. 1997), and a peptide ligand for the Drosophila Numb PTB 
domain defined (LJ et al. 1997). 
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1 Introduction 

Src homology regions (SH) are recognized as a conserved sequence among non
receptor protein tyrosine kinases (PTK) , including v-Src, v-Abl, and v-Fps 
(SADOWSKI et al. 1986). Besides the kinase domain (termed SHI), SH comprises two 
independent modular units, SH2 and SH3, and has been found in a variety of 
proteins that quite often contain both SH2 and SH3 domains (COHEN et al. 1995; 
PAWSON 1995). These proteins can be categorized broadly into two groups: (I) 
molecules that themselves have enzymatic activity, such as phospholipase Cy, Src 
family tyrosine kinases and ras GTPase-activating protein(GAP); and (2) proteins 
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that lack a catalytic domain but contain only the SH domains and other signaling 
modules, such as Nck, c-Crk, Shc and the phosphoinositide 3-kinase 85-kDa 
subunit (PI3 K p85). Members of the latter group are often referred to as "adap
tors." The interaction between SH2 domains and tyrosine-phosphorylated proteins 
is important in the assembly of signal transduction complexes. On the other hand, 
SH3 domains recognize proline-rich sequences, thereby signaling downstream 
targets. Adaptors containing SH2 and SH3 domains form signaling machines in 
themselves. Grb2/Ash is one such adaptor. This molecule has already been estab
lished to be important in the intracellular signal transduction system, as reviewed 
by DOWNWARD (1994) and CHARDIN et al. (1995), but many laboratories are still 
accumulating evidence for its pivotal and indispensable roles in a variety of cell 
regulatory processes. 

2 Grb2/Ash and Its Signaling to Ras 

2.1 Link Between Receptor/Protein Tyrosine Kinases and Ras 

A molecule mediating the signal from a receptor tyrosine kinase to the Ras guanine 
nucleotide-binding protein was first identified genetically in the nematode worm 
Caenorhabditis elegans. Vulval formation in C. elegans is initiated by a signal from 
a gonadal cell to vulval precursor cells. Many genes including let-23 and let-60 are 
required for this differentiation event (HORVITZ and STERNBERG 1991). The let-23 
and let-60 genes encode an EGF receptor-like tyrosine kinase (AROIAN et al. 1990) 
and a Ras protein (HAN and STERNBERG 1990), respectively. Thus signal trans
duction in vulval formation has been implicated in Ras signaling. A novel gene 
isolated by CLARK et al. (1992) is a key molecule in this signaling. The gene, sem-5, 
is essential for vulval formation and encodes the Sem-5 protein that is composed 
almost exclusively of a single SH2 domain and two SH3 domains. Since SH2 
domains recognize phosphotyrosine residues in tyrosine kinase receptors, Sem-5 
became the most promising candidate for coupling the tyrosine kinase receptor 
encoded by let-23 to Ras signaling. 

2.2 Discovery of Grb2/ Ash 

Soon after the discovery of Sem-5, its mammalian counterpart was identified in
dependently by two groups using different strategies. MATUOKA et al. (1992) cloned 
the rat and human cDNAs by hybridization with mixed oligonucleotides encoding 
a consensus sequence to the SH2 domain. A cDNA clone encoding 217 amino acids 
with a molecular mass of 25 kDa was isolated and termed Ash (Abundant Src 
homology). On the other hand, LOWENSTEIN et al. (1992) utilized the CORT 
(cloning of receptor targets) method for the human cDNA in which phosphorylated 
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tyrosine-containing fragments in EGF receptors were used as a probe and Agtll 
phages were screened for the proteins binding to the probe. They isolated the 
same Ash cDNA and named it Grb2 (Growth Factor Receptor Bound Protein 2). 
Grb2/Ash showed a striking structural similarity to Sem-5. They are similar in size 
(217 amino acids for Grb2/ Ash and 228 amino acids for Sem-5), show the same SH 
orientation(SH3-SH2-SH3), and are highly homologous (58.5% identity with an 
additional 9.2% amino acid similarity). Moreover, they both lack functional do
mains other than the SH domains, indicating that they belong to the same protein 
class as v-Crk and Nck. It was also confirmed that Grb2/Ash binds to the activated 
EGF receptor and transmits signals downstream, resulting in the enhancement of 
DNA synthesis (MATUOKA et al. 1992; LOWENSTEIN et al. 1992). Homologs of 
Grb2/Ash and Sem-5 have been identified to date in fruit fly (termed Drk; OLIVER 
et al. 1993; SIMON et al. 1993), mouse (SUEN et al. 1993), and chicken (W ASENIUS 
et al. 1993). In addition, subtypes and related molecules, including Grb3-3 (FATH 
et al. 1994), Ash-m, Ash-s (WATANABE et al. 1995), and Grap (FENG et al. 1996), 
have been reported. 

2.3 Grb2/ Ash Interacts with Sos, the Ras Activator 

Analogous to Sem-5 functioning in nematodes, Grb2/Ash is believed to play critical 
roles in the signaling between tyrosine kinase receptors and Ras in mammals. 
Therefore, the search for a missing link between Grb2/Ash and Ras was started 
immediately after the discovery of Grb2/Ash. Soon, Sos (guanine nucleotide ex
change factor for Ras) was found as a candidate molecule linking Grb2/Ash to Ras 
by several groups (see DOWNWARD 1994). Studies demonstrated that Sos is brought 
from the cytoplasm into the vicinity of its target, plasma membrane-associated Ras, 
by the adaptor Grb2/Ash. Thus, it is clear that Grb2/Ash is an adaptor molecule 
that associates physically with Sos, thereby allowing ligand-activated tyrosine ki
nase receptors to modulate Ras activity. Today, the mechanism for the recruitment 
of the Grb2/Ash-Sos complex to the plasma membrane is thought to involve two 
types of intermolecular interactions: a ligand-dependent association of the SH2 
domain of Grb2/Ash with specific phosphotyrosine residues, pYXNX motifs 
and the binding of the SH3 domains of Grb2/Ash to proline-rich motifs in the 
C-terminal domain of Sos proteins. 

2.4 Signaling Toward Grb2/Ash 

The receptors thus far identified as direct binders for Grb2/Ash include receptor/ 
PTKs EGF receptor (BATZER et al. 1994; OKUTANI et al. 1994), RET (LIU et al. 
1996), MET (PELICCI et al. 1995), and erbB-2 (or HER-2/neu; JANES et al. 1994). A 
receptor protein tyrosine phosphatase alpha also binds to Grb2/Ash directly (DEN 
HERTOG and HUNTER 1996). 
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The other type of interaction has been shown to employ one more linker to 
Grb2/ Ash, in many cases the adaptor molecules Syp and Shc. Other docking 
proteins that function only in specific signaling events have also been identified, for 
example, p36 for T-cell receptor (BUDAY et al. 1994) and p89 for fibroblast growth 
factor (FGF) receptor 2 (KLINT et al. 1995). Insulin receptor substrate 1 and 2 
(IRS-I, IRS-2) and Gab-l have been shown to be docking elements specific for 
insulin and IGF-I receptors, but it now appears likely that they also function with 
cytokines and many other receptors (TOBE et al. 1993; SKOLNIK et al. 1993; SUN 
et al. 1995; HOLGADO-MADRUGA et al. 1996). 

Syp (also known as SHP-2, SH-PTP2, and PTP-ID) is a protein tyrosine 
phosphatase bearing SH2, through which it interacts with activated (i.e., tyrosine
phosphorylated) receptors and is then tyrosine-phosphorylated. The phosphory
lated Syp subsequently interacts with the SH2 domain of Grb2/Ash. Thus, Syp is 
involved in the signaling for platelet-derived growth factor (PDGF) receptor ~ 
(LI et al. 1994) and the proto-oncogene product c-Kit (TAU CHI et al. 1994), both 
receptor/PTKs. Syp also plays a role in erythropoietin signaling (TAUCHI et al. 
1996). Shc (or ShcA), comprising variants of 46,52 and 66 kDa, is a ubiquitously 
expressed protein composed of a C-terminal SH2 domain, a central collagen 
homology domain and an N-terminal phospho tyrosine binding (PTB) domain 
(PELICCI et al. 1992). Two more Shc-like genes ShcB and ShcC, have been cloned 
recently (O'BRYAN et al. 1996). Shc is in itself equipped with dual pY binding 
modules and a tyrosine phosphorylation sequence, and thus is a suitable adaptor 
for pY-mediated signaling. Similar to Syp, Shc binds to activated receptor/PTKs 
such as nerve growth factor receptor (OHMICHI et al. 1994; HASHIMOTO et al. 1994) 
and FGF receptor 1 (MOHAMMADI et al. 1996), becomes phosphorylated, and re
cruits Grb2/Ash. Recent reports, however, have established its critical roles in 
signaling of the other type of receptors, including T-cell receptor ((RAvlcHANDRAN 
et al. 1993), GM-CSF receptor (lUCKER and FELDMAN 1996), FcyRI (PARK et al. 
1996), FCERI (JABRIL-CUENOD et al. 1996), IgM receptor (KUMAR et al. 1995), and 
growth hormone receptor (VANDERKuUR et al. 1995). Also, heterotrimeric 
G-protein-coupled receptors, e.g., those for endothelin (CAZAUBON et al. 1994), 
thrombin (CHEN et al. 1996), and angiotensin II (SADOSHIMA and IZUMI 1996), 
employ Shc for their interaction with Grb2/Ash. These pathways are mediated by 
the ~y-subunit of heterotrimeric G-proteins and stimulated by the calcium de
pendent activation ofPyk2, a tyrosine kinase homologous to Fak (LEV et al. 1995). 
Recently, DIKIC et al. (1996) demonstrated that the activation of G-protein-coupled 
receptors, such as lysophosphatidic acid (LPA) and bradykinin, induces the tyro
sine phosphorylation of Pyk2 and complex formation of Pyk2 and Src, resulting in 
Ras activation via Shc-Grb2/Ash-Sos. These results support the idea that G-pro
tein-coupled receptors mediate the same signaling events as receptor tyrosine 
kinases through cellular tyrosine kinases such as Pyk2 and Src. In the case of 
receptors lacking intrinsic PTK activity, Shc needs to be phosphorylated by the 
action of an accompanying PTK. Some PTKs other than Pyk2 have been identified, 
including JAK2 for GM-CSF (JUCKER and FELDMAN 1996) and growth hormone 
receptor (VANDERKuUR et al. 1995) and Syk for FCERI (JABRIL-CUENOD et al. 
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1996). Although there appear to be various types of intermolecular interactions 
involving Grb2/Ash, it is possible to reduce them essentially to the scheme pro
posed by EGAN et al. (1993): ligand stimulation of its receptor elicits the tyrosine 
phosphorylation of a protein, the receptor itself, or an adaptor through the action 
of a PTK, thereby producing a binding site for Grb2/ Ash. This scheme can apply to 
the interaction of Grb2/ Ash with other molecules such as focal adhesion-associated 
kinase (F AK), which becomes phosphorylated upon integrin engagement with 
fibronectin (SCHLAEPFER et al. 1994), and Bcr-Abl, which occurs by the fusion of 
c-Abl and breakpoint cluster region (Bcr) genes and is constitutively phosphory
lated (PENDERGAST et al. 1993). Both phosphorylations result in an association with 
Grb2/Ash and subsequent Ras activation. Recently, a proto-oncogene product, 
c-Cbl, which is an early tyrosine kinase substrate following T cell and B cell acti
vation, has been shown to associate with various adaptors, Grb2/Ash, c-Crk and 
Crk-L, suggesting its involvement in various signaling events (SMIT et al. 1996; 
BUDAY et al. 1996). 

2.5 Structural Basis for Understanding Grb2/ Ash Specificity 

It is now clear that the four C-terminal amino acids of p Yare the most critical for 
the interaction with a specific SH2 and that some other residues around p Y also 
affect affinity and selectivity (Songyang et al. 1993, 1994). The SH2 domain of 
Grb2/ Ash prefers phosphotyrosyl peptides with the consensus sequence p YXNX, 
in which the specificity determining residue is N + 2 (where the position of p Y is 0). 
The site surrounding Tyr 1068 (Ep YINQ) of the EGF receptor is a specific, high
affinity binding site. X-ray crystallographic studies of Grb2/Ash SH2 domains in 
complex with the high affinity phosphotyrosyl peptide ligand help provide an un
derstanding of the structural basis for specificity (RAHUEL et al. 1996). The general 
fold of the SH2 domain is the same as reported for the SH2 domains of other 
proteins and consists of a central antiparallel p-sheet flanked by cx-helices. How
ever, substantial differences appear in the conformation of the loops forming the 
binding site of the target peptide. The loop that links pC and PD is five residues 
shorter in the Grb2/ Ash SH2 domain than in the Src and Lck SH2 domains and 
more closely resembles that of the SypN, p85, SykC, and Zap 70 SH2 domains. 
Analysis of the conformation of the specificity-determining EF loop showed that 
Trp-121 in the SH2 domain is located in the immediate environment of the N + 2 
binding pocket. The bulky side chain ofTrp-12l closes the binding cleft C-terminal 
to p Y of the ligand and consequently forces the ligand to adapt a ~-turn config
uration (RAHUEL et al. 1996). This would lead to the expectation that substitutions 
of either Trp in the SH2 domain or Asn in the ligand would affect the interaction. 
The Grb2/Ash SH2 domain containing the substitution W12l T is unable to bind to 
its natural target, the p YVNV motif of Shc. The Src SH2 domain does not natu
rally bind to the p YVNV motif, but if Thr, corresponding to residue 121 of Grb2/ 
Ash, is replaced by Trp, the modification enables Src SH2 to bind to p YVNV 
(MARENGERE et al. 1994). In addition, the preference for pYXNX appears to be 
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unique to Grb2/Ash. Molecules bearing this motif include Shc, EGF receptor, Met, 
Syp, FAK, and Bcr-Abl, and all exhibit a high binding affinity for Grb2/Ash. 

Analyses of the steric structure have revealed that the SH3 domain constitutes 
a beta barrel equipped with a shallow hydrophobic pocket, where the interaction 
with its ligand, a left-handed polyproline type II helix (PPII) occurs (COHEN et al. 
1995; PAWSON 1995). Similar to SH2, the affinity and specificity of the acceptor
ligand interaction of SH3 are determined by specific amino acids in the ligand 
sequence and SH3 pocket (Yu et al. 1994; SPARKS et al. 1996). Although the 
binding capacity is greatly affected by a single substitution of some critical amino 
acids in the binding region, the preference for specific SH3 domains seems not to 
change dramatically (ERPEL et al. 1995). Interestingly, however, a structural detail 
of the franking sequences, such as the RT loop, is likely to playa critical role in 
determining the specificity of SH3-PPII interactions (LEE et al. 1995; FENG et al. 
1995). One striking aspect of Grb2/Ash is that its SH3 domains bind to PPII in 
an opposite orientation to that observed for the SH3 domain of Abl, Fyn, and 
PI3 K p85 (FENG et al. 1994; LIM et al. 1994). The structural basis for the bidi
rectional interaction has now been reported (see MAYER and ECK 1995). Grb2/Ash 
has been found to be not alone in binding to the ligand in the "class II" or "minus" 
orientation, although it belongs to the minority. Crystal structure analysis of full 
length Grb2/Ash shows three distinct domains (MAIGNAN et al. 1995). Within a 
molecule of Grb2/Ash, the SH3 domains are not in contact with the SH2 domain 
from which they are separated by an interlaced junction with few contacts that 
resembles a pair of suspenders. This type of construct enables these domains to 
access to their ligands independently. 

2.6 Regulation of Grb2/ Ash Signaling to Ras 

Mammalian cells contain two Sos protein subtypes, termed Sosl and Sos2, both of 
which interact with the SH3 domains (mainly the N-terminal SH3) of Grb2/Ash 
through their proline-rich C-terminal regions (SASTRY et al. 1995). The apparent 
binding capacity of Sos2 for Grb2/ Ash is significantly higher than that of Sosl both 
in vitro and in vivo (YANG et al. 1995). Similarly, two isoforms of hSosl that differ 
only by an insertion of 15 amino acids exhibit differences in Grb2/Ash-binding 
affinity and tissue/stage expression (ROJAS et al. 1996). These molecules may con
tribute to Ras activation differentially and, therefore, this divergence may playa 
regulatory role in the mechanisms controlling Ras function. 

Although Sos was once thought to be in constitutive association with 
Grb2/Ash, it is now known that the Grb2/Ash-Sos interaction is rather dynamic. 
For example, T-cell antigen receptor stimulation enhances the association between 
Grb2/ Ash and Sos, which is promoted by the binding of Grb2/ Ash to Shc through 
a function of the collagen homology region of Shc (RAVICHANDRAN et al. 1995). 
This would be beneficial in stabilizing signal transduction toward Ras. On the 
contrary, another regulatory mechanism is employed to deactivate Grb2/Ash-me
diated signaling after the signal has been transduced successfully to the nucleus. 
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This negative feedback should be important, because continuous activation of Ras 
results in the deregulation of cell proliferation as seen in malignant cell transfor
mation (MARSHALL 1995). Stimulation by mitogens such as EGF or insulin induce 
Ser/Thr phosphorylation of the SOS C-terminal proline-rich region (PORFIRI and 
MCCORMICK 1996). Since this is also the binding sequence for Grb2/Ash SH3, it is 
conceivable that such modification would affect Grb2/Ash binding. In fact, stim
ulation by insulin or phorbol esters elicits the phosphorylation of Sos and its 
dissociation from Grb2/Ash. It has been suggested that MEK (HOLT et al. 1996a) 
or ERK (BUDAY et al. 1995; DONG et al. 1996) is responsible for this phosphory
lation event. In contrast, however, EGF stimulation leads to the dissociation of the 
EGF receptor or Shc from the Grb2/Ash/-Sos complex rather than the dissociation 
of Sos and Grb2/ Ash (HOLT et al. 1996b; PORFIRI and MCCORMICK 1996). Another 
study indicates that EGF induces both of the above (Hu and BOWTELL 1996). One 
possible explanation for the discrepancy is that the Grb2/Ash and Sos pools utilized 
upon stimulation by EGF and insulin are distinct (WATERS et al. 1996), since only a 
small portion of Grb2/Ash associates with only a small portion of Sos. Further 
studies are needed to specify the mode and differences in the above events con
trolling signal transduction. 

There is one more point related to the mechanisms of Ras regulation. As 
mentioned earlier, molecules related to Grb2/Ash have been found, three deletion 
mutants and one homolog. Grb3-31acks 41 amino acids of the SH2 domain (FATH 
et al. 1994). Since it fails to bind to activated EGF receptor or Shc (CAZAUBON et al. 
1994), Grb3-3 may function as a dominant negative protein over Grb2/Ash and a 
trigger for apoptosis. Ash-m lacks 14 amino acids from the C-SH3 domain and 
Ash-s consists of only the N-SH3 domain (WATANABE etal. 1995). These are also 
considered to function as dominant negative regulators, since they exhibit a dif
ferent binding spectrum for the SH3-binding proteins than Grb2/Ash and, more
over, their injection suppresses mitogenesis. Grap is a protein highly homologous to 
Grb2/Ash but differs in the size of its transcript and in expression (FENG et al. 
1996). Whereas Grb2/Ash is ubiquitous, Grap is predominantly expressed in thy
mus and spleen. With these naturally occurring Grb2/Ash derivatives it is possible 
to believe that the signal transduction from receptor and cytoplasmic PTKs to Ras 
is under refined control. 

3 Grb2/ Ash Signals to Cytoskeletal Regulation 

3.1 Signaling Pathways Other than Ras 

Unexpectedly, a recent study has shown that the injection of an antibody against 
Grb2(Ash into cells abolishes the growth factor-induced membrane ruiRing 
(MATUOKA et al. 1993) controlled by Rac, a Rho family small GTPase (RIDLEY et al. 
1992). In addition, dynamin, a GTPase required for synaptic vesicle endocytosis, 
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has been found to bind to the Grb2/Ash SH3 domain through its carboxy-terminal 
proline-rich region (GOUT et al. 1993; HERSKOVITS et al. 1993; MIKI et al. 1994). 
These findings suggest the possibility that Grb2/Ash functions not only in Ras 
signaling but also in other pathways involving cytoskeletal regulatory signals. 
When Grb2/Ash binding proteins in rat brain were investigated, two other brain 
specific proteins, synapsin I and p145, were found to bind to the Grb2/Ash SH3 
domain (MCPHERSON et al. 1994a). Synapsin I is a synaptic vesicle-associated nerve 
terminal protein that interacts with actin and is thought to mediate the interactions 
of synaptic vesicles with the presynaptic cytomatrix. On the other hand, the fourth 
Grb2/Ash binding protein in brain, p145, is present exclusively in neurons and co
localizes with dynamin at nerve-endings (MCPHERSON et al. 1994b). Like dynamin, 
p145 has been shown to be rapidly depohosphorylated in response to depolariza
tion as dynamin (MCPHERSON et al. 1994b), suggesting that pl45 also participates 
in endocytosis. Recently, pl45 was found to be a novel inositolphosphate 5-
phosphatase and was named as synaptojanin (MCPHERSON et al. 1996). 

3.2 Isolation of Grb2/Ash-Binding Proteins in Bovine Brain 

To clarify the downstream signalings of Grb2/ Ash, proteins that bind specifically to 
Grb2/Ash were examined in bovine brain. GST-fused Grb2/Ash was used to 
prepare the affinity-column. Several proteins were found to bind to the column; 
especially, 180-kDa, 150-kDa, llO-kDa, 100-kDa, and 65-kDa proteins were 
the major Grb2/Ash-binding proteins in bovine brain cytosol (MIKI et al. 1994; 
MIURA et al. 1996). However, it is uncertain whether these proteins also form 
complexes with Grb2/Ash in vivo. Thus, to clarify this point, an Ash SH2 binding 
motif-containing peptide (EGF receptor Grb2/Ash SH2 binding site, PVPE
pYINQSVPK) was used to affinity-purify Grb2/Ash and the in vivo binding 
proteins. This method is thought to reflect more precisely the physiological status of 
Grb2/Ash-containing protein complexes than the method using GST-Grb2/Ash, 
since only proteins that have formed complexes with Grb2/ Ash in vivo can bind to 
this peptide; on the other hand, GST -Grb2/ Ash only binds to proteins free from 
Grb2/ Ash. Various protein bands were detected (MIURA et al. 1996; ITOH et al. 
1996) more clearly than with GST-Grb2/Ash, with the major bands at 180 kDa, 
150 kDa, 110 kDa, 100 kDa, 65 kDa, 55 kDa, and 28 kDa . Among them, the 
28-kDa protein was found to be Grb2/Ash by Western blotting. Amino acid 
sequencing analyses revealed the 180-kDa,11O-kDa, 100-kDa, and 55-kDa proteins 
to be Sos, c-Cbl, dynamin, and ~-tubulin, respectively. None of the amino acid 
sequences derived from the 150-kDa (pI50) or 65-kDa (P65) proteins showed any 
homology to other proteins in the protein sequence database. 
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3.3 p-Tubulin Binds to SH2 Domains Through a Region Different 
from the Tyrosine-Phosphorylated Protein-Recognition Site 

It is believed that Grb2/Ash binds to its binding proteins via SH2 or SH3 domains 
because Grb2/Ash is composed of only SH2 and SH3 domains. However, p-tubulin 
is not tyrosine phosphorylated and has no proline-rich motif that is likely to bind to 
SH3 domains. Therefore, it is of great interest to identify the p-tubulin binding 
domain within Grb2/Ash. In experiments to evaluate the binding of p-tubulin to 
GST-fusion proteins containing each domain of Grb2/Ash, it was found that the 
SH2 domain binds strongly to p-tubulin (lTOH et al. 1996). SH2 domains of the 
85-kDa subunit of PI 3-kinase (p85) and PLCyl could also bind to p-tubulin, 
suggesting that the association with p-tubulin is a common characteristic conserved 
among SH2 domains. Furthermore, p-tubulin co-immunoprecipitates with 
Grb2/Ash, PLCy1, and p85, indicating their in vivo association. 

Tubulin is a heterodimer composed of ex-and p-tubulin subunits. These sub
units polymerize to generate micro tubules that provide a cytoskeletal network and 
also associate with various proteins designated microtubule-associated proteins. 
KAPELLER et al. (1993) showed that PI 3-kinase localizes at micro tubules and moves 
to the perinuclear area when cells are stimulated by PDGF, suggesting that PDGF 
receptor-PI 3-kinase complexes internalize and transit in association with the 
microtubule cytoskeleton. More recently, the same authors (KAPELLER et al. 1995) 
reported that tubulin binds to the inter-SH2 domain of PI 3-kinase between the 
N-terminal and C-terminal SH2 domains, but not to an SH2 domain. However, 
they did not succeed in determining the precise site of p-tubulin binding. To identify 
the p-tubulin binding site within the Grb2/Ash SH2 domain, a series of GST-SH2 
deletion mutants was constructed and used for p-tubulin binding assays. As a 
result, a region (amino acids 119-135) was shown to be required and sufficient for 
p-tubulin binding and it was concluded that the SH2 region including amino acids 
119-135 is the p-tubulin binding site (lTOH et al. 1996). In addition, a synthetic 
peptide (FL WVVKFNSLNEL VDYH) corresponding to the same sequence of the 
SH2 domain (including p-strands E and F, and ex-helix B) inhibited the association 
of p-tubulin with the Grb2/Ash SH2 domain. It also inhibited p-tubulin-binding to 
the SH2 domains of p85 and PLCyl. 

This mode of interaction with SH2 domains is clearly different from that of 
usual tyrosine-phosphorylated proteins, leading to a very simple question: Is the 
association of tyrosine-phosphorylated proteins with SH2 domains affected by the 
tubulin-binding or vice versa? The answer is "no." Tubulin-binding has been shown 
to have no effect on the binding of tyrosine-phosphorylated EGF receptor to the 
SH2 domain of Grb2/ Ash. Thus, SH2 domains can associate with both tubulin and 
tyrosine-phosphorylated proteins at the same time. 

In the tyrosine kinase signaling system, it is clear that SH2 and SH3 domains 
are crucial for the assembly of signaling molecules at the plasma membrane to 
generate downstream signals. After signal generation by receptor activation, clus
tering and internalization of the ligand-receptor complex are rapidly induced in 
most cases. The relationship between the initial recruitment of cytoplasmic proteins 
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to the plasma membrane and the rapid response of receptor endocytosis is un
known. Tubulin may play important roles in the ligand binding-induced endocy
tosis of receptors by binding to SH2-containing proteins. It is also possible that 
micro tubules regulate the assembly and disassembly of signaling molecules con
taining SH2 domains. 

3.4 N-WASP Regulates the Cortical Actin Cytoskeleton Downstream 
of Grb2/Ash 

3.4.1 Sequence of N-WASP 

Since p65, a Grb2/ Ash binding protein in bovine brain (MIURA et al. 1996), seems 
to be a novel protein, its cDNA was cloned from a bovine brain cDNA library 
(MIKI et al. 1996). The predicted amino acid sequence revealed a protein composed 
of 505 amino acid residues showing approximately 50% homology to the Wiskott
Aldrich syndrome protein (WASP) over its full length (Fig. I). The p65 was termed 
neural WASP (N-WASP). N-WASP possesses many functional sequence motifs 
including a PH domain, IQ-motif, GBD/CRIB motif, proline-rich region, and 
verprolin- and cofilin-homologous regions, most of which are also conserved in 
WASP. 

Vcrprll iin 2 

\ 
Acidic rq::ion 

Cllf~n I 

WASP 

1'11'2 h inding site 

Pro'''in hinding , ilc 

Fig. 1. A variety of functional motifs and domains in N-WASP and WASP. N-WASP contains one PH 
domain, one IQ motif, one GBD/CRIB motif, several proline-rich sequences, two verprolin-like regions, 
and one cofilin-like region. On the other hand, WASP contains one PH domain, one GBD/CRIB motif, 
several proline-rich sequences, one verprolin-like region and one cofilin-like region. WASP does not 
contain a consensus IQ motif 



Signaling Through Grb2/ Ash-Control of the Ras Pathway and Cytoskeleton 335 

3.4.2 N-WASP Regulates Cortical Actin Assembly In Vivo 

A study of the ectopic expression of N-WASP in COS cells revealed that N-WASP 
regulates the actin cytoskeleton (MIKI et al. 1996). N-WASP expression induces the 
destruction of the thick fibers of actin filaments and the accumulation of actin 
filaments in cortical areas under serum-containing culture conditions. The expres
sed N-WASP localizes predominantly in the nucleus and in cortical areas that 
overlap actin filaments, suggesting that N-WASP participates directly in the reg
ulation and/or maintenance of the actin cytoskeleton. In contrast, the mutant 
~ YCA, which lacks the verproline- and cofilin-homologous regions, localizes only 
in the nucleus. Further, the mutant C38 W, in which the cysteine residue at position 
38 in the PH domain of the original N-WASP is replaced by a tryptophan residue, 
also localizes in the nucleus. The mutation that corresponds to this residue in 
WASP has been reported to occur in one WAS patient (KWAN et al. 1995) and so it 
is supposed that the mutation would also inactivate N-WASP. Interestingly, this 
point mutation significantly reduces the PIP2-binding activity of the PH domain, 
suggesting that PIP2-binding through the PH domain may be required for retaining 
N-WASP in the membrane areas (MIKI et al. 1996). 

In serum-starved cells, N-WASP localizes predominantly at membranes, not in 
the nucleus (MIKI et al. 1996). When stimulated by EGF, the formation of many 
microspikes is induced. This result suggests that N-WASP is a key molecule in the 
transmission of signals from tyrosine kinases to the actin cytoskeleton. In support 
of this possibility, it has been shown that N-WASP associates constitutively with 
Grb2/ Ash and that the Grb2/ Ash-N-WASP protein complexes translocate to the 
tyrosine-phosphorylated EGF receptor. 

The formation of microspikes is known to be regulated by Cdc42 (KOZMA et al. 
1995; NOBES and HALL 1995). In N-WASP, there is a putative Cdc42-binding motif, 
the GBD/CRIB motif, suggesting that N-WASP is an effector of Cdc42 for mic
rospike formation. 

3.4.3 N-WASP Has Actin Depolymerizing Activity 

It remains unclear how N-WASP regulates the actin cytoskeleton. In vitro binding 
assays have shown that the cofilin-homologous region is critical for binding to 
actin. Cofilin is known to be an actin-severing protein. In fact, the G-YCA protein, 
which contains verprolin- and cofilin-homologous regions, can sever actin filaments 
very quickly (MIKI et al. 1996). 

3.4.4 N-WASP Generates Signals Leading to Actin Polymerization 

At first, the fact that N-WASP severs actin filaments seems contradictory to the 
result of the overexpression study in which N-WASP causes the accumulation of 
actin filaments and then co-localizes with them. However, it is known that the 
overexpression of cofilin stimulates the polymerization and bundling of actin 
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(AIZAWA et al. 1996), possibly by digesting the filamentous network of actin and 
stimulating its reorganization. 

N-WASP has several poly-proline sequences that are putative profilin binding 
sites. Profilin is known to promote actin polymerization to uncapped barbed ends 
in the presence of ATP. Therefore, after N-WASP severs actin filaments resulting in 
providing new barbed ends, profilin may organize the new actin filaments. Indeed, 
it has been found that profilin binds to and co-immunoprecipitates with N-WASP. 
This suggests that N-WASP plays a role not only in inducing the reorganization of 
the actin cytoskeleton by filament severing but also in the actin polymerization 
process itself. 

3.4.5 Putative Model of N-WASP Function in Microspike Formation 

The putative microspike formation mechanism is summarized in Fig. 2. In the 
resting state, actin filaments are stable with most barbed ends capped. When some 
signals (for example, tyrosine kinase activator) recruit Grb2jAsh-N-WASP com
plexes to the tyrosine-phosphorylated sites at the plasma membranes and stimulate 
GDPjGTP exchange on Cdc42 simultaneously, the GTP-bound Cdc42 acquires the 
ability to bind to N-WASP through its GBDjCRIB motif. A GTP-form Cdc 42 
binding stimulates the actin severing activity of N-WASP. The actin filaments are 
partially severed and the uncapped filament ends become exposed. At the uncapped 
site, profilin, which exists in association with N-WASP, that is, in close proximity 
to the newly created barbed ends, promotes the polymerization of actin at plasma 
membranes. The newly formed actin filaments are assembled by actin bundling 
proteins and this enforces the protrusion of the plasma membranes. 

inacti ve active 
o 

,,,",, 111" '" ,," 1 
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nucleolld e exchange 
(b radyki nin Ireal men!) filament severing 

& 
addition of actin monomer 

Fig. 2. The putative mechanism of N-WASP action on filopodium formation 
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3.5 WASP Forms Clusters Enriched in Actin Filaments Downstream 
of Tyrosine Kinases 

WASP has been identified as the gene product whose mutation is responsible for 
the human hereditary disease Wiskott-Aldrich syndrome (WAS) (DERRY et al. 
1994). As mentioned above, WASP also contains many functional motifs including 
a PH domain, GBD/CRIB motif, proline-rich regions, and verprolin-like and 
cofilin-like domains. The existence of the PH domain is very hard to detect by 
looking at the sequence, but by comparison with the sequence of N-WASP, its 
existence has been confirmed (MIKI et al. 1996). Therefore, WASP, like N-WASP, 
is expected to bind tightly to PIP2 through its PH domain. 

N-WASP expression is confined to hematopoietic lineages and the cellular 
defects in WAS patients are also limited to these tissues. N-WASP, on the other 
hand, is expressed dominantly in the brain. Recently, it was found that the ectopic 
expression of WASP leads to the clustering of actin filaments in a process inhibited 
by the co-expression of the dominant negative form of Cdc42 (SYMONS et al. 1996). 
Further, WASP has been shown to associate with activated (GTP-bound) Cdc42 
through the GBD/CRIB motif. These findings suggest that WASP regulates the 
actin cytoskeleton under the control of Cdc42, although the mechanism is unclear. 
Since WASP contains a cofilin-homologous domain like N-WASP (MIKI et al. 
1996), it is expected to sever actin filaments. However, its regulatory effect on actin 
filaments appears to be quite different from that of N-WASP despite the structural 
similarities between WASP and N-WASP. WASP induces the microvesicle for
mation that is enriched in actin filaments, while N-WASP forms microspikes on 
plasma membranes, suggesting the different physiological roles played by these two 
proteins. 

WASP also contains several proline-rich regions that are binding targets for 
SH3 domain-containing proteins. Indeed, Nck, an adaptor protein, has been shown 
to bind to WASP through its SH3 domains (RIVERO-LEZCANO et al. 1995). Taken 
together, the data suggest that WASP is transducer of signals from tyrosine kinases 
to the cytoskeleton. In MEG-Ol megakaryoblastic cells, micro vesicle formation is 
also regulated by tyrosine kinases through Grb2/Ash (MIKI et al. 1997). In parallel 
with the differentiation to megakaryocytes induced by TP A treatment, WASP 
becomes co-localized with actin filaments at micro vesicles and associates with ty
rosine-phosphorylated Shc, whose phosphorylation is induced, through Grb2/Ash. 
Microvesicle formation is specifically inhibited by a tyrosine kinase inhibitor, 
herbimycin A. Furthermore, treatment with WASP antisense oligonucleotides 
abolishes both microvesicle formation and the gathering of actin filaments (MIKI et al. 
1997). All these data suggest that WASP controls the actin filament assembly and/ 
or polymerization required for microvesicle formation downstream of tyrosine 
kinases. 

A comparison of the expression pattern, physiological function, and regulatory 
mechanism of WASP and N-WASP is presented in Table 1. WASP and N-WASP 
are very similar to one another in sequence and in that they both transmit signals 
from tyrosine kinases to the actin cytoskeleton. However, the resultant phenotypes 
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Table 1 Comparison of WASP and N-WASP 

Tissue distribution 

Intracellular distribution 
Resting state 
Activating state 
Motifs and domains 

Upstream signals 

Downstream signals 
Function 

WASP 

Hematopoietic cells 

Cytoplasm 
Clusters in cytoplasm 
PH,GBD/CRIB, 
verproline-, cofilin-like 
polyproline 
Shc-Grb2/Ash, Cdc42 
Nck? 
Actin, profilin 
Microvesicle and cluster 
formation of actin filaments 

N-WASP 

Dominantly in brain, but 
ubiquitously distributed 

Plasma membranes, 
Filopodia, nuclei 
PH, GBD/CRIB, IQ 
verproline-, cofilin-like 
polyproline 
Grb2/Ash, Cdc42 
Ca2 + -calmodulin? 
Actin, profilin 
Filopodium formation 
of actin filaments 

are quite different, that is, WASP induces microvesicles, while N-WASP induces 
microspikes. Thus, WASP and N-WASP are not homologous proteins performing 
the same functions in different cells or tissues, but are functionally different pro
teins. 
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In a multicellular organism, pattern formation and cell fate determination depend 
on the ability of cells to communicate with their environment. Inductive cellular 
interactions play an important role in regulating developmental decisions which 
finally lead to cellular diversity. One of the requirements in this process is the 
temporally and spatially controlled release of signaling molecules by one cell which 
can be received and interpreted by neighboring cells. One model system which has 
been extensively used to study inductive cellular interactions and to elucidate the 
underlying machinery is the developing compound eye of Drosophila. This review 
will focus on the genetic and biochemical approaches that have identified signaling 
molecules involved in the determination of a single photoreceptor cell type in the 
eye, namely the R 7 cell. 
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2 Cell Fate Specification in the Drosophila Eye: an Overview 

The Drosophila eye is composed of approximately 800 single eye units or om
matidia. Each ommatidium comprises 20 cells. These are the eight photoreceptor 
cells (RI-R8), four lens secreting cone cells and eight accessory cells. The identity 
of each photoreceptor cell is defined by its position, morphology, spectral sensi
tivity, axonal projection and its expression of cell-type specific markers. During late 
larval and pupal stages, the fly eye develops progressively from a monolayer epi
thelium, the eye-antennal imaginal disc. An indentation, the morphogenetic furrow, 
traverses the eye disc from posterior to anterior. Ahead of the morphogenetic 
furrow, the cells of the eye imaginal disc are undifferentiated. The recruitment and 
differentiation of the different cell types of each ommatidium starts at the posterior 
edge of the morphogenetic furrow and follows a highly stereotypic temporal se
quence. R8 is the first cell to differentiate, subsequently R2jR5 and R3jR4 are 
added pairwise. After the remaining undifferentiated cells have undergone a last 
round of mitosis, photo receptors RljR6, then finally R7, are recruited. Addition of 
the non-neuronal cone and pigment cells completes ommatidial development. As a 
consequence of furrow movement and sequential recruitment of the different cell 
types, a single third instar eye imaginal disc displays all steps of ommatidial mat
uration as a graded series starting in the morphogenetic furrow (for a detailed 
description see WOLFF and READY 1993). 

The lack of any cell lineage relationship between the different photoreceptor 
cells in an ommatidium (READY et al. 1976; LAWRENCE and GREEN 1979), the 
defined order of cell differentiation and the invariant position of the different cells 
in the ommatidial cluster led to the proposal that cell fate determination within the 
ommatidium depends on a series of local cell-cell interactions (TOMLINSON and 
READY 1987b). In this model, cells that have already differentiated instruct 
neighboring, yet undifferentiated, cells to adopt a particular cell fate. The most 
thoroughly studied cell choice event in this hierarchy is the recruitment of the R 7 
photoreceptor cell. Several features make the R 7 cell an attractive system to study 
inductive cellular interactions. Firstly, only two cells are involved, namely the al
ready differentiated R8 cell as the sender of the inductive signal and the pre
sumptive R7 cell as the recipient. Secondly, depending on the presence or absence 
of the signal, the R 7 precursor cell can only choose between two alternative cell 
fates, the neuronal R 7 or the non-neuronal cone cell fate, respectively. Thirdly, the 
presence of the R 7 cell can be easily assayed in living animals. This allows extensive 
genetic screens for mutations which specifically interfere with the formation of the 
R 7 cell and therefore might disrupt reception, transduction or interpretation of the 
inductive signal in the R 7 precursor cell. Finally, by expression of transgenes in the 
eye, the function of potential signaling molecules can be analyzed in vivo. 
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3 R8 Induces R7 Development: The Signal and the Receptor 

If the induction model is correct one might expect to be able to isolate mutations 
that specifically block R 7 cell development either because the inductive signal is 
missing or the R7 precursor cell is unable to receive and interpret the signal. The 
isolation of two mutations, sevenless (sev) and bride of sevenless (boss), was de
cisive in defining the inductive signaling pathway critical for R 7 cell development 
(HARRIS et al. 1976; REINKE and ZIPURSKY 1988). Loss-of-function mutations in 
boss and sev are homozygous viable and produce an identical mutant phenotype. 
Although the R7 precursor cell is found in its wild type location, making appro
priate contacts with R8, Rl and R6, it fails to initiate neuronal development and 
instead develops as a non-neuronal cone cell (TOMLINSON and READY 1986; CAGAN 
et al. 1993). Subsequently, the first distinction between the functions of SEV and 
BOSS came by genetic mosaic analysis. Whereas SEV activity is required in the R 7 
precursor cell itself (CAMPOS-ORTEGA et al. 1979; TOMLINSON and READY 1987a), 
BOSS is required in the R8 cell for proper development of the R 7 cell (REINKE and 
ZIPURSKY 1988). The boss gene encodes a 100-kDa protein with seven putative 
transmembrane domains (HART et al. 1990) and consistent with the mosaic anal
ysis, BOSS expression is restricted to the R8 cell at the time of R 7 cell specification 
(KRAMER et al. 1991). In contrast, SEV expression is less restricted. The SEV 
protein has all the characteristic features of a receptor tyrosine kinase (RTK) and is 
expressed in a highly dynamic manner in a subpopulation of ommatidial cells 
including R3/R4, R7 and cone cells (HAFEN et al. 1987; TOMLINSON et al. 1987; 
BASLER and HAFEN 1988). A direct interaction between SEV and BOSS was 
demonstrated on expression of both proteins in S2 cell lines (KRAMER et al. 1991). 
The immediate consequence of this interaction is the stimulation of the SEV kinase 
activity and auto phosphorylation of the receptor (HART et al. 1993). In summary, 
these experiments established a specific role for the R8 cell in inducing the devel
opment of the R7 cell and, secondly, showed that SEV and BOSS are the direct 
mediators of this cell-cell interaction. However, these data do not readily explain 
whether other SEV expressing cells have the potential to develop as an R 7 cell and 
if so why there is only a single R7 cell in each ommatidium. To address this, the 
boss and sev cDNAs were ubiquitously expressed in the developing eye. Whilst a 
single R 7 cell was observed when wild type SEV was expressed (BASLER and HAFEN 
1989; BOWTELL et al. 1989), ubiquitous expression of BOSS resulted in transfor
mation of cone cells into additional R 7 cells (VAN V ACTOR et al. 1991). The same 
cell fate transformation event was also obtained by expression of constitutively 
activated versions of the sev gene in the cone cell precursors (BASLER et al. 1991; 
DICKSON et al. 1992a). Hence, the cone cell precursors are competent to respond to 
the inductive signal but in the wild type situation where they do not contact the 
signal-providing R8 cell they are unable to adopt the R7 cell fate. Due to their 
similar developmental potential, the R7 and cone cells are often referred to as the 
R7 equivalence group (GREENWALD and RUBIN 1992). In contrast, R3/R4 express 
SEV and contact R8, but even expression of a constitutively activated version of 
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SEV in these cells does not result in a transformation to the R7 cell fate. As 
discussed later, prior commitment to the R3 and R4 cell fates obviously prevents 
them adopting the R 7 cell fate. 

4 Genetic Dissection of SEV Receptor Tyrosine Kinase 
Mediated Signaling 

Tremendous progress has been made recently in elucidating the principles of RTK
mediated signaling from the activated receptor to the nuclear effector proteins. 
Beside SEV, genetic analyses in Drosophila have focused mainly on two RTKs: 
TORSO (TOR), which is required for specification of terminal structures in the 
embryo (reviewed in DUFFY and PERRIMON 1994) and the EGF receptor homo
logue, DER, which fulfills mUltiple roles during development, such as specification 
of dorsoventral polarity in the egg, formation of wing veins and development of 
photoreceptor cells (PRICE et al. 1989; SCHEJTER and SHILO 1989; DIAZ-BENJUMEA 
and GARCIA-BELLIDO 1990; CLIFFORD and SCHUPBACH 1992; Xu and RUBIN 1993; 
FREEMAN 1996). For all three RTKs, genetic systems have been established to 
identify proteins involved in signaling downstream of the corresponding RTK 
(SIMON et al. 1991; OLIVIER et al. 1993; DOYLE and BISHOP 1993; DIAZ-BENJUMEA 
and HAFEN 1994; Hou et al. 1995). This has enabled novel components identified in 
any of these pathways to be readily tested for their functional relevance in the other 
pathways. In fact, our current understanding of the cytoplasmic events involved in 
SEV signaling results from the exceptional convergence of molecular, biochemical 
and genetic data from a number of distinct RTKs in a variety of different organ
isms, including C. elegans and mammals. 

As mentioned above, the BOSS-SEV interaction acts as a switch between two 
different cell fates in the R7 equivalence group. It is this simple cell choice that has 
been used in large scale screens to identify mutations in genes whose products are 
required for signaling downstream of the SEV RTK. Two classes of mutations are 
anticipated. The first class are homozygous viable mutations like sev or boss which 
specifically affect R 7 cell development. The second class of mutations is more 
difficult to isolate. If the SEV cascade shares components with other RTKs such as 
TOR and DER which have functions essential for viability, animals homozygous 
for loss-of-function mutations in the corresponding genes would presumably die 
prior to R 7 cell commitment. Two strategies have been employed to circumvent this 
problem. SIMON et al. (1991) used a temperature sensitive allele of sev (se/S ) which 
provides just sufficient activity to allow R 7 cell development. The second approach, 
pioneered by BASLER et al. (1991), involved expression of a constitutively activated 
version of sev (sevSll) in the cells of the R 7 equivalence group, which produced a 
multiple-R 7 cell phenotype and resulted in a roughening of the eye surface. In both 
approaches, R 7 cell specification became sensitive to the gene dosage of rate-lim
iting components acting downstream of SEY. Hence, for a recessive lethal muta-
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tion, reducing the gene dose by half was sufficient to produce an enhancement of 
the se/s phenotype or a suppression of the sevS11 phenotype, which could be scored 
in living animals. Large scale screens conducted with both systems unraveled the 
first steps in the SEV signaling cascade. Some of the signaling molecules identified 
(e.g., RASl, RAF) were in turn used as additional entry points for further genetic 
screens (DICKSON et al. 1996; KARIM et al. 1996). 

5 Downstream of SEV: The Cytoplasmic Signaling Network 

The genes identified so far by the various genetic screens encode proteins that 
function in, or regulate, a highly conserved signaling cascade which is used by 
RTKs in a variety of different organisms and which is commonly referred to as the 
RAS GTPase/mitogen activated protein kinase (MAPK) pathway (reviewed by 
MARSHALL 1994, 1995; MCCORMICK 1994). In general, stimulation of the RTK 
results in an increased level of active, GTP-bound RAS protein. The level of GTP
RAS is determined by the ratio between the activity of the RAS guanine nucleotide 
exchange factor SOS and the intrinsic GTPase activity of RAS which is enhanced 
by GTPase activating proteins (GAPs). GTP-bound RAS recruits and stimulates 
the RAF serine threonine kinase. RAF phosphorylates and thereby activates the 
dual specificity MAPK-kinase (MAPKK), which in turn activates the extracellular 
signal-regulated kinase (ERK) subgroup of the MAPK family by phosphorylation 
on threonine and tyrosine residues. Drosophila homologues of these proteins are 
encoded by the Sos, Gap1, ras1, raj, Dsor1 (Dsorl/MAPKK) and rolled (rl/MAPK) 
genes, respectively (see below for a detailed discussion of each locus). The defined 
order of protein-protein interactions implies a single, linear pathway necessary and 
sufficient to transduce all information from the RTK to the nuclear effector pro
teins. However, the abundance of proteins identified in vertebrate systems as targets 
of RTKs (KAZLAUSKAS 1994) and, more recently, genetic analyses in Drosophila 
(see below) strongly suggest that the RAS/MAPK pathway is only part of a more 
complex network of cytoplasmic signaling molecules. 

5.1 RAS1 Activation by SEV: DRK and SOS 

Binding of BOSS to the SEV receptor results in stimulation of SEV tyrosine kinase 
activity, resulting in autophosphorylation of the receptor (HART et al. 1993). In 
mammalian systems it has been shown that the sequence context of the phospho
tyrosine (pTyr) residue provides specificity for the binding of SH2 or PTB domain 
containing proteins (reviewed in PAWSON 1995). For SEV, the binding specificity 
and in vivo functional role of only one pTyr has been characterized so far. Tyrosine 
2546, within the motif YXN, functions as a binding site for the SH2/SH3 domain 
containing protein DRK (OLIVIER et al. 1993; SIMON et al. 1993), the Drosophila 
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homologue of the vertebrate adaptor protein GRB2 (LOWENSTEIN et al. 1992) and 
the C. elegans protein SEM-5 (CLARK et al. 1992). Binding of DRK to SEV is 
abolished by mutation of either Tyr 2546 or of conserved residues in the pTyr 
binding pocket of the DRK SH2 domain (OLIVIER et al. 1993; RAABE et al. 1995). 
The N-and C-terminally located SH3 domains represent a second class of protein
protein interaction domains in DRK; these mediate binding to proline rich se
quences located in the C-terminal tail of the RASI guanine nucleotide exchange 
factor SOS (SIMON et al. 1991, 1993; BONFINI et al. 1992; OLIVIER et al. 1993; RAABE 
et al. 1995). Therefore, DRK appears to provide a link between the guanine nu
cleotide exchange factor SOS and the activated SEV receptor. However, a detailed 
structure-function analysis of the SOS protein has revealed a more complex picture 
(KARLOVICH et al. 1995; MCCOLLAM et al. 1995). The SOS catalytic domain is 
flanked at the N-terminus by Pleckstrin (PH) and Dbl homology domains whereas 
the proline rich DRK binding sites are located at the C-terminus. Surprisingly, a 
mutant SOS construct lacking the PH and Dbl domains dominantly inhibited R 7 
cell development whereas a construct lacking the DRK binding sites promoted R7 
cell development. Complementary experiments using the Drosophila SOS protein 
expressed in mammalian cell lines demonstrated a requirement for the PH and Dbl 
domains to stimulate the exchange of GDP bound to p21RAS, for GTP, by the 
SOS catalytic domain. In contrast, the C-terminal DRK/GRB2 binding domain 
was not sufficient to confer p21RAS exchange activity to the SOS catalytic domain 
in the absence of the PH and Dbl domains. Hence, in addition to its adaptor 
function, DRK may be required to alleviate inhibition by the C-terminal regions of 
SOS on SOS activity. The role of the SOS PH domain may be that of a membrane 
localization module which brings SOS in close proximity to its membrane-bound 
substrate RASl. 

Whereas the DRK/SOS/RASI cassette is a key target for all RTKs investi
gated so far in Drosophila and removal of any of these components results in 
lethality, loss-of-function mutations in the GTPase activating protein GAPI are 
homozygous viable (GAUL et al. 1992; BUCKLES et al. 1992; ROGGE et al. 1992). The 
most prominent mutant phenotype of Gap1 flies is the presence of additional R7 
cells, even in the absence of a functional SEV protein. The sequence homology of 
GAPI to the mammalian GTPase activating proteins suggests that GAPI fulfills a 
similar function by enhancing the intrinsic GTPase activity of RASI in the R7 
precursor cell. It remains to be verified whether SEV associates with and thereby 
regulates the activity of GAPI despite the lack of an SH2 domain in the GAPl 
protein. 

5.2 Different Routes to RASI Activation? 

Two important questions regarding receptor signaling to RASI are whether DRK 
and SOS are the only mediators between SEV and RASI and, secondly, whether 
RASI activation can account for all of the effects of SEV activation. The ability of 
a constitutively activated version of RAS 1 (RAS 1 V12) to bypass the requirement of 
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SEV activation in R7 cell development has led to the conclusion that RASI acti
vation is necessary and sufficient for R7 cell development (FORTINI et al. 1992). 
However, overexpression of RASI V12 could potentially mask the requirement for 
RASI-independent signaling pathways for proper R7 cell development in the wild 
type. This would parallel the situation described for mammalian RTKs, where 
multiple receptor targets, including phospholipase Cy (PLCy), phosphatidylinositol 
(PI) 3-kinase and the GRB2/S0S/RAS cassette may contribute to efficient signaling 
(reviewed in KAZLAUSKAS 1994; PAWSON 1995). The presence of multiple potential 
autophosphorylation sites on the SEV protein suggests that DRK might not be the 
only SH2 domain containing protein bound to SEV. Furthermore, genetic evidence 
for the existence of parallel pathways downstream of SEV was provided by mu
tation of Tyr 2546, the DRK binding site on SEV (RAABE et al. 1995). This mu
tation abolished detectable binding of DRK to SEV, but the mutant receptor was 
still able to induce R7 cell development, albeit with a reduced efficiency. Strikingly, 
signaling from the mutant receptor was still sensitive to the gene dosage of drk, Sos 
and ras} (RAABE et al. 1996). A solution to this apparent contradiction was pro
vided by the identification of a potential multi adaptor protein (Daughter of Sev
enless, DOS; HERBST et al. 1996; RAABE et al. 1996). Genetic interaction 
experiments indicated a requirement for DOS function upstream or in parallel to 
RASI for signaling from the SEV, DER and TOR receptors. The DOS protein 
sequence predicts a N-terminal PH domain, a potential SH3 domain binding site 
and ten tyrosine residues within consensus binding sites for the SH2 domains of 
DRK, the CORKSCREW (CSW) tyrosine phosphatase, the PI-3-kinase regulatory 
subunit and PLCy. DOS might therefore be a functional homologue of the verte
brate receptor substrates IRS-I, IRS-2 and GABl, which bind a variety of SH2 
domain containing proteins upon RTK induced tyrosine phosphorylation (SUN 
et al. 1993, 1995; SKOLNIK et al. 1993; HOLGADO-MADRUGA et al. 1996). Although 
biochemical data are still lacking, the presence of putative DRK SH2 domain 
binding sites on DOS might provide an indirect route to activate SOS/RASI in the 
absence of a direct DRK binding site on SEV. 

Further support for the existence of alternative routes for signaling has come 
from the genetic and biochemical characterization of CSW, the Drosophila ho
mologue of the vertebrate protein tyrosine phosphatase SYP (PERKINS et al. 1992; 
FENG et al. 1993; VOGEL et al. 1993). CSW function is necessary for signaling from 
the TOR and SEV RTKs, but from genetic experiments with a number of mutant 
csw alleles it has been difficult to precisely assign the step at which CSW function is 
required (PERKINS et al. 1992; ALLARD et al. 1996). To gain further insight into 
CSW function, HERBST et al. (1996) applied a biochemical approach. Using a 
catalytically inactive csw mutant (cswcs) as a substrate trap in Drosophila SL2 cells, 
the DOS protein was identified as the first physiological substrate of CSW. Further 
experiments suggested a link between SEV, CSW and DOS (HERBST et al. 1996). 
While transfected SEV and CSW can be coimmunoprecipitated, the CSW SH2 
domains are critical for binding to tyrosine phosphorylated DOS. Furthermore, 
SEV activation leads to an enhanced tyrosine phosphorylation of DOS. Consistent 
with the biochemical analysis, on expression in the eye, the catalytically inactive 



350 T. Raabe 

CSWCS mutant behaved as a dominant negative allele and caused the frequent 
absence of photoreceptor cells. This phenotype was further enhanced by halving the 
gene dosage of dos, Sos or ras} (HERBST et al. 1996). 

While the genetic and biochemical data are consistent, a number of questions 
remain unresolved. Most importantly, it will be necessary to verify the proposed 
function of DOS as a multiadaptor protein and to prove the functional relevance of 
potential DOS binding proteins such as PLCy and PI-3-kinase in signaling from the 
SEV receptor. Other important issues include whether CSW activity is regulated by 
SEV and at which step CSW activity is required for DOS function. 

5.3 Downstream of RASl 

The major route by which the signal is propagated from RASI to the nucleus in the 
TOR, DER and SEV pathways involves the sequential activation of the kinases 
RAF, DSORI/MAPKK and RL/MAPK (reviewed in DUFFY and PERRIMON 1994; 
DOMINGUEZ and HAFEN 1996). The phenotypic analysis of various combinations of 
loss- and gain-of function alleles of these genes has complemented and confirmed 
the detailed biochemical characterization of the homologous proteins in vertebrates 
(reviewed in MARSHALL 1995) and suggested that the same chain of phosphoryla
tion and protein-protein interaction events described for RAF, MAPKK and 
MAPK in mammalian cells also exists in Drosophila. 

However, several aspects need to be discussed in more detail. One of them is the 
mechanism by which RAF becomes activated. Analogous to the situation found in 
mammalian cells (LEEVERS et al. 1994; STOKOE et al. 1994), one important step in 
RAF activation seems to be the recruitment to the cell membrane, probably via 
direct interaction with membrane localized RAS-GTP. Expression of a hybrid 
construct consisting of the RAF kinase domain fused to extracellular and trans
membrane domains of a constitutively activated TOR protein (TOR4021 _RAF) in 
the cells of the R 7 equivalence group is sufficient to allow R 7 cell development, even 
in a sev mutant background (DICKSON et al. 1992b). This experiment raises two 
questions: firstly, is RAF the only effector of RASI in the SEV cascade and, sec
ondly, does RAF activation depend solely on RASI function? In mammalian 
systems there is considerable evidence for effectors of RAS other than RAF (re
viewed by WITTINGHOFER and NASSAR 1996) and it has also been shown that RAF 
activation is not only dependent on RAS binding but also requires additional 
signals (LEEVERS et al. 1994). The observation that, in Drosophila, complete removal 
of TOR or RAF function produces more severe mutant phenotypes in the embryo 
than removal of RASI function is consistent with this view (Hou et al. 1995). 

Kinase suppressor of RAS (KSR), a protein kinase distantly related to RAF, 
could be a missing piece in this jigsaw. Mutations in the ksr locus were isolated as 
suppressors of the multiple R 7 cell phenotype caused by constitutively activated 
RASI V12 but they do not interfere with the TOR4021_RAF phenotype in the eye 
(THERRIEN et al. 1995). This indicated a requirement of KSR function downstream 
or in parallel to RASI but upstream or in parallel to RAF. KSR is also required for 
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signaling from the TOR RTK and, consistent with a general role for KSR in RTK 
mediated signaling, homologous proteins have been identified in C. elegans, mouse 
and human (KORNFELD et al. 1995; SUNDARAM and HAN 1995; THERRIEN et al. 
1995). Assuming that the direct interaction of RAF with RAS1 is not sufficient to 
fully stimulate RAF, one attractive model for KSR function would be the direct or 
indirect regulation of RAF activity. Indeed, KSR and RAF interact in a RAS 
dependent manner at the plasma membrane but neither RAF nor KSR appears to 
be a substrate for the kinase activity of the other protein (THERRIEN et al. 1996). A 
structure-function analysis of mouse KSR expressed in Xenopus oocytes and in 
mammalian fibroblasts has revealed a more complex picture. It appears that KSR 
cooperates with RAS and facilitates signal propagation between RAF, MAPKK 
and MAPK in an as yet uncharacterized manner (THERRIEN et al. 1996). Although 
physiological substrates have not been identified so far, the identification and 
characterization of KSR points to a complex network of protein interactions re
quired to mediate the biological effects of RASI. This network may also include 
further pathways which cooperate and might be controlled by RASI dependent or 
independent mechanisms. Further complexity could be added through feedback 
loops. For instance, KSR and SOS possess potential MAPK phosphorylation sites 
which could play an important role in signal maintenance or attenuation. Finally, 
the role of protein phosphatases as regulators of signal propagation from RAS1 to 
MAPK is poorly understood. Recently, the serine/threonine phosphatase PP2A has 
been shown to negatively regulate signal propagation from RAS1 to RAF but also 
to stimulate signaling downstream of RAF in the R 7 precursor cell (W ASSARMAN 
et al. 1996). 

Despite these complexities, the major convergence point of RTK signaling 
seems to be RL/MAPK (BIGGS and ZIPURSKY 1992; BIGGS et al. 1994). This con
clusion can be drawn from the phenotypic and biochemical analysis of a dominant 
gain-of-function allele of rl, rlsem, isolated in a genetic screen for mutations that 
bypass the requirement for SEV activity in R 7 cell development (BRUNNER et al. 
1994a). The phenotypes of rlSem animals are similar to those described for consti
tutively activated versions of TOR, DER and SEV RTKs. The molecular defect in 
rlSem is a single amino acid substitution (D334N) in the catalytic domain which 
results in an increased kinase activity (0 ELLERS and HAFEN 1996). Hence, activa
tion of RL/MAPK is not only necessary but also sufficient to mediate the signal 
from the receptor to the nuclear target proteins. 

6 Nuclear Targets of RL/MAPK 

Activation of RL/MAPK results in its translocation from the cytoplasm to the 
nucleus, where it regulates the activity of transcription factors through phosphor
ylation on serine and threonine residues. So far, three proteins have been identified 
as nuclear targets of RL/MAPK. Two of these proteins, Y AN and POINTED, 
belong to the Ets domain family of transcription factors (LAI and RUBIN 1992; TEl 
et al. 1992; KLAMBT 1993), whereas the third protein is the Drosophila homologue 
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of one of the signal-responsive bZIP transcription factors of the AP-l family in 
vertebrates, namely C-JUN (PERKINS et al. 1990; ZHANG et al. 1990). 

Although no mutations in the Drosophila jun gene (D-jun) have been described 
so far, a number of observations indicate an important role for D-JUN in the 
development of all photoreceptor cells. Firstly, expression of D-JUN in the eye 
imaginal disc mirrors the sequential recruitment of the ommatidial cells but pre
cedes the appearence of neuronal differentiation markers (BOHMANN et al. 1994). 
Secondly, D-JUN is a substrate for RL/MAPK. Phosphopeptide mapping identi
fied Ser82, Thr92 and Thrl07 as targets for RL/MAPK phosphorylation in vitro 
(PEVERALI et al. 1996). The in vivo relevance of these sites was tested by creating 
two mutant versions of D-JUN. Expression in the developing eye of a D-JUN 
mutant lacking the phosphoacceptor site acted as a dominant negative: it sup
pressed the differentiation of photoreceptor cells. Conversely, replacing the RL/ 
MAPK phosphorylation sites for phosphorylation mimicking Asp residues pro
moted photoreceptor cell differentiation (PEVERALI et al. 1996). These experiments 
suggested that RL/MAPK induced phosphorylation of D-JUN in the R 7 precursor 
cell is a crucial step for transcriptional activation of target genes which are required 
for execution of the R7 cell differentiation program. 

The second target protein for RL/MAPK, POINTED (PNT) was originally 
identified as a mutation affecting the development of the embryonic nervous system 
and subsequently shown to be required for normal photoreceptor cell differentia
tion. Two alternatively spliced transcripts are expressed, PNTP1 and PNTP2. Both 
proteins share the C-terminal sequences induding the Ets domain but differ in their 
N-terminal sequence (KLAMBT 1993; SCHOLZ et al. 1993). PNTP2 has a single 
MAPK phosphorylation consensus site (Thr 151) and, at least in vitro, PNTP2 is a 
substrate for RL/MAPK (BRUNNER et al. 1994b; O'NEILL et al. 1994). Using an Ets 
binding domain reporter construct, O'NEILL et al. (1994) demonstrated that PNTP2 

becomes a strong transcriptional activator upon stimulation of the RAS/MAPK 
pathway. As anticipated, the crucial step in the activation of PNTP2 is phosphor
ylation of Thr 151. In the eye imaginal disc, PNTP2 is expressed in all nondiffer
entiated ommatidial precursor cells and removal of PNTP2 activity results in the 
absence of photoreceptors, induding R7. This phenotype can be rescued by a 
trans gene encoding the wild type PNTP2 protein whereas a mutant version lacking 
the unique MAPK phosphorylation site does not rescue (BRUNNER et al. 1994b; 
O'NEILL et al. 1994). Thus, activation of the MAPK pathway is necessary for 
PNTP2 to act as a positive regulator of neuronal development. 

The second Ets domain protein that acts downstream of RL/MAPK is Y AN. 
However, the mutant phenotype of yan hypomorphic alleles is the converse of that 
described for PNTP2, namely the recruitment of extra photoreceptor cells, most 
prominently additional R7 cells (LAI and RUBIN 1992; TEl et al. 1992). In a series of 
studies, the role of Y AN as an inhibitor of cell differentiation was demonstrated 
and the link between Y AN and the MAPK pathway was made. Y AN contains 
eight MAPK phosphorylation consensus sites and at least some of these sites are 
used in vitro (BRUNNER et al. 1994b; O'NEILL et al. 1994). Cotransfection of YAN 
and PNTP1 in tissue culture cells decreases PNTP1-mediated transcription of a 
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reporter construct containing multiple Ets binding sites. However, this repression is 
alleviated by coexpression of activated versions of either RAS (RASI V12) or 
MAPK (RL sem), indicating that activation of the MAPK pathway negatively 
regulates the ability ofYAN to repress transcription, probably via phosphorylation 
of YAN (O'NEILL et al. 1994). The behavior of Y AN in vitro reflects the in vivo 
situation. Wild type Y AN is expressed in a number of tissues during development, 
including all undifferentiated cells behind the morphogenetic furrow. Y AN disap
pears from the nuclei of ommatidial cells as soon as they start to differentiate. In 
contrast, a mutant version of Y AN lacking all the predicted MAPK phosphory
lation sites remains in the nuclei of ommatidial cells when expressed in the eye 
imaginal disc and differentiation of neuronal and non-neuronal cells is blocked 
(REBAY and RUBIN 1995). One conclusion drawn from these studies is that de
phosphorylated Y AN keeps cells in an undifferentiated state and therefore main
tains the competence of cells to respond to the appropriate signal, in the case of the 
R7 precursor cell, activation of the RAS/MAPK pathway by SEV. 

7 Cooperativity 

One important question not been addressed so far is whether D-JUN, PNTP2 and 
Y AN act in concert to regulate the transcription of target genes in the process of R 7 
cell development. Although there is only very limited information on potential 
target genes (see below) and no regulatory elements have been characterized so far, 
the available genetic and biochemical data suggest cooperativity. However, this 
does not exclude alternative mechanisms for different target genes. 

To examine of the role of cooperativity, TREIER et al. (1995) used a reporter 
construct carrying justaposed AP-l and Ets binding sites and demonstrated a 
synergistic effect of various PNT and D-JUN isoforms in activating transcription of 
the reporter gene. Furthermore they found that also cotransfection of mutant PNTP2 

and D-JUN constructs lacking predicted MAPK phosphorylation sites activated 
transcription significantly compared to either protein alone. In this assay, YAN acts 
as an antagonist of D-JUN/PNTP2 mediated transcriptional activation, supporting 
the concept that PNTP2 and Y AN compete for the same Ets domain binding site. 
The cooperativity between dephosphorylated JUN and PNTP2 in vitro might also 
explain why ectopic R 7 cells arise in the absence of Y AN function, even in a sev 
mutant background. Further evidence that tight coupling of PNTP2 and Y AN ac
tivities occurs during R7 cell development was provided by BRUNNER et al. (l994b). 
Neither overexpression of PNTP2 nor halving the gene dosis of yan is on its own 
sufficient to transform cone cells into R7 cells; only together do these changes lead to 
the formation of multiple R7 cells. It appears, therefore, that the sum of the activities 
ofPNTP2, D-JUN and YAN determines whether the R7 precursor cell is committed 
to the neuronal R 7 cell fate or to the non-neuronal cone cell fate. RL/MAPK 
induced phosphorylation has a dual function: it relieves the inhibitory influence of 
Y AN and it enhances the transcriptional activity of PNTP2 and D-JUN in order to 
induce the expression of target genes that ultimately lead to R 7 cell differentiation. 
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8 Making a Difference 

Genetic and biochemical analyses of the different proteins involved in signaling from 
the SEV receptor has suggested that the same signaling cascade is required for the 
proper development of all photoreceptor cells, via stimulation of the DER receptor 
tyrosine kinase (Xu and RUBIN 1993; FREEMAN 1996). If the RAS/MAPK pathway is 
a common inducer of photoreceptor cell development, then the information for 
photoreceptor cell identity must be integrated. In the case of the R7 cell, this could 
happen at different levels. At the level of receptor activation, the ligand BOSS and 
the receptor SEV are required only for R7 cell development. It could thus be en
visaged that SEV might be able to recruit and activate a unique set of proteins in 
addition to the RAS/MAPK-pathway responsible for R7 cell determination. 
However, SEV can be replaced by activated versions of other RTKs which activate 
the RAS/MAPK pathway. For example, expression of activated versions of the 
D ER and TORR TKs in cells of the R 7 equivalence group result in the same cone to 
R 7 cell transformation produced by expression of activated versions ofSEV (BASLER 
et al. 1991; FREEMAN 1996; Dickson and Hafen, unpublished). Furthermore, de
pendent on the stage of ommatidial assembly, activated SEV can produce photo
receptors other than R7 (DICKSON et al. I 992a). These experiments imply that it is 
not the type of RTK but the time point of signal reception which is critical for cell 
fate determination. In this model, the developmental potential of the cells of the R7 
equivalence group is determined independently of the SEV signal; stimulation of the 
RAS/MAPK pathway at the right time by SEV only allows execution of the R 7 
developmental program. Further evidence for this model has been provided by al
tering the developmental program of the R7 precursor cell. Ectopic expression of 
ROUGH, a homeo domain containing protein expressed in R2/R5 and R3/R4 
photoreceptors, and required in R2/R5 for correct specification of the R3/R4 cell 
fates, transforms the R7 cell into an RI-R61ike photoreceptor cell. Most strikingly, 
neuronal differentiation of this cell still depends on SEV activity (BASLER et al. 1990; 
KIMMEL et al. 1990). Similar results were obtained with SEVEN-UP (SVP), a protein 
which belongs to the steroid receptor family and is expressed in the R3/R4/Rl/R6 
photoreceptors. In svp mutant ommatidia, these cells differentiate as R7 photore
ceptors whereas ectopic expression of svp specifies the presumptive R 7 cell as an RI
R6 photoreceptor cell (MLODZIK et al. 1990; HIROMI et al. 1993). Thus, from a 
mechanistic point of view R7, and probably photoreceptor cell development in 
general, can be viewed as a process involving at least two steps: specification of the 
photoreceptor identity and execution of the developmental program triggered by 
activation of the RAS/MAPK pathway. This does not exclude the possibility that the 
RAS/MAPK cascade is additionally required in the process of subtype specification. 

An important question arising from this model is the issue of signal integra
tion: how is the RAS/MAPK pathway in the R7 precursor cell linked to the cell 
type specific program? Although this question is difficult to answer at the moment, 
the identification of three genes, phyllopod (phyl) , seven in absentia (sina) and 
prospero (pros), has provided the first insights. 
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9 PHYL and SINA 

The best candidate for a RASjMAPK inducible target gene in the nucleus of the R 7 
precursor cell is phyl (CHANG et al. 1995; DICKSON et al. 1995). Genetically PHYL 
has been placed downstream ofRLjMAPK, YAN and D-JUN in the SEV pathway. 
However, whereas D-JUN, PNT and Y AN are expressed and required in all pho
toreceptor cells, PHYL expression is restricted to Rl, R6 and R7. In the absence of 
PHYL these three cells adopt the cone cell fate. The fact that ectopic expression of 
PHYL is sufficient to transform cone cells into R 7 cells, together with the obser
vations that activation of the RASjMAPK pathway in the cone cells is accompanied 
by PHYL expression whereas in sev mutant flies only Rl and R6 express PHYL, 
indicate that PHYL regulates R 7 cell development and distinguishes R 7 and cone 
cell precursors at the level of gene expression. On the other hand, the apparent 
contradiction between the general requirement for the RASjMAPK pathway and 
the restricted expression of PHYL as a RASjMAPK inducible target gene em
phasizes the need for additional subtype specific information in Rl, R6 and R7. 
Interestingly, the expression pattern of phyl reflects the distinct ontogenesis of the 
different photoreceptor cells. Photoreceptors R8, R2/R5, and R3/R4 arise from cells 
born anterior to the morphogenetic furrow, whereas Rl/R6 and R7 are derived 
from a second wave of mitosis posterior to the furrow (see WOLFF and READY 1993). 

Characteristic features of the PHYL protein are a highly basic domain fol
lowed by a strongly acidic domain but no significant homology to other proteins 
has been identified so far. Recently, KAUFFMANN et al. (1996) employed the yeast 
two-hybrid system to show that PHYL interacts with another nuclear protein of 
unknown function, SINA. Beside sev and boss, sina is the third homozygous viable 
mutation known to prevent formation of the R7 cell (CARTHEW and RUBIN 1990). 
Remarkably, there is an absolute requirement for SINA in R7 cell development, 
even when the RAS/MAPK pathway is constitutively activated (BASLER et al. 1991; 
FORTINI et al. 1992; DICKSON et al. 1992b; BRUNNER et al. 1994a) or when PHYL is 
ectopically expressed in the cone cell precursors (CHANG et al. 1995). SINA is 
expressed in a pattern similar to that ofSEV, but SINA expression does not depend 
on a functional SEV protein (CARTHEW and RUBIN 1990). One very attractive 
working model to account for the roles of SINA and PHYL in the R 7 cell is that 
SINA acts as a transcriptional activator of R 7 cell-specific differentiation genes but 
only after complex formation with PHYL that has been activated by the RAS/ 
MAPK pathway. In photoreceptors Rl and R6, which also express SINA and 
PHYL, R7 cell formation is prevented by the presence of SVP (see above). Con
sistent with this model, expression of PROSPERO, a putative transcription factor 
required for differentiation of the embryonic nervous system and proper connec
tivity of the R 7 cell axons to their synaptic targets in the brain, is upregulated in the 
R 7 cell in a PHYL and SINA dependent manner (DOE et al. 1991; V AESSIN et al. 
1991; KAUFFMANN et al. 1996). Thus, for the first time, a potential link between R7 
cell specification, induction of the RAS/MAPK pathway and one aspect of R 7 cell 
differentiation has been made. 
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10 Concluding Remarks 

I have described the molecular nature and functional roles of each of the known 
components of the SEV signaling pathway. Since only a fraction of loci identified in 
the various genetic screens have been characterized at the molecular level, the model 
shown in Fig. 1 represents only a snapshot of our current understanding of RASj 
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MAPK mediated signal transduction in the R7 cell. A detailed understanding of the 
SEV signaling cascade will require not only the identification but also the functional 
characterization of the individual signaling proteins. Although the genetic approach 
has been extremely useful to dissect SEV signaling, it has to be complemented by a 
biochemical approach to describe the growing complexity of the RASjMAPK 
pathway and its regulation, to investigate the nature of alternative routes of sig
naling and to understand the integration process taking place in the nucleus. 

Ten years have now elapsed since the cloning of the sev gene. At that time, it 
was anticipated that the further analysis of this gene would provide insights into the 
fundamental mechanisms of cell determination - an expectation that has only 
partially been fulfilled in the intervening decade. While great progress has been 
made in unraveling the signal transduction cascade from SEV to the nucleus, the 
basic question of what actually determines the R7 cell fate remains unanswered. 
What is presently clear is that the activation of the SEV RTK is the final step in a 
series of events that steer an undetermined cell towards the R 7 fate. Along with the 
genetic and biochemical characterization of additional components of the SEV 
signal transduction cascade, these earlier events in the determination of the R 7 cell 
fate will also pose a challenge for future research. 
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