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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.



VI Preface

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 phosphotyrosine-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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1 Introduction

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-

Howard Hughes Medical Institute, Children’s Hospital and Department of Microbiology and Molecular
Genetics, Harvard Medical School, 320 Longwood Avenue, Boston, MA 02115, USA
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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 (SApowski 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; MaRrGoLis et al. 1990; MATSUDA
et al. 1990, 1991; MAaYErR and HaNAFusA 1990; MoRraN 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 1077 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 phosphotyrosine 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 pseudosymmetrical 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 17 sites, + x ® P
x @ P, and for “class 2" sites, ® P x ® P x + (where ““+ " denotes a basic residue,
“®” 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 107® — 10™° M, and many peptides
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 (BubpAy and
DowNwARD 1993; CHARDIN 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 phosphotyrosine-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 phosphotyrosine-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 phosphothreonine
were essential.

Specificity for binding phosphotyrosine (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 “FLVRES” 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 (WAKSMAN 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 BIk 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 Y(P) E E I; 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] P5) 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 is 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 Y(P) E E I; how =ver,
the p85 SH2 domains have been shown to bind best to Y(P) M x M s'tes
(SONGYANG 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-§, quite high affinities for that enzyme’s
substrate (PI (4, 5) P,) 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, peptides corresponding to the known PxxP region of Nef bound extremely
poorly to SH3 domains (91 uM Kj), while the intact protein bound with very high
affinity (0.25 uM Kyg; LEE et al. 1995). Second, changing a single amino acid in the
“RT loop” of the Fyn SH3 (Arg 96 to Ile), 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. 19995), 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 pS3BP2. p53BP2 was originally isolated from a yeast two-hybrid screen
using the DNA-binding core of p53 as the “bait” (IwaBuUcHI et al. 1994), and it
binds p53 with moderate affinity (~ 30 uM Ky; GoriNA and PAVLETICH 1996).

Surprisingly, the structure of the complex revealed that although the surface of
the pS3BP2 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 pS3BP2 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 pS3BP2 outside the SH3 domain, mutational data
suggest that this novel SH3-mediated interaction might play a critical role in the
biological activity of p53 (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 multiprotein 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-ADI, or stimulation of other cells types with mitogenic
growth factors induces the tyrosine phosphorylation of Cbl (BowTELL and LANG-
poN 1995; pE JonG et al. 1995; Obal 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 S/i-1, 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, and Nck (RivEro-LEzcaNoO 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; Obpar et al. 1995; BubpAy 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 phosphotyrosine-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 JonG 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; GoTton 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. 1).

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 PCI2 cells treated with the mitogenic growth factor EGF (Kuwaisa et al.
1996). In unstimulated cells, Crk exists in an SH2-mediated complex with the focal
adhesion protein p130°®, which is basally phosphorylated on tyrosine. When cells
are stimulated with EGF, the Crk-p130°** 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. 1A—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 (Bupay 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 PC12 cells, a different picture emerges; in
this case the amount of Cbl complexed with Grb2 was found to increase approx-
imately threefold after stimulation (KHwaAJA 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 (BupAy 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—Shc—Grb2—Cbl—-Crk—Abl—? 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 bssg), which is com-
posed of two chains termed p22”"** and gp91”~, and two cytosolic proteins termed
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p47°"** and p677"°~, 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”"°~, is associated with p47°"°* and p67°"** in cell ly-
sates (Fig. 2a).

Binding of an N-terminal domain of p67”"** 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 p67”"°* are sufficient for full activation
in the absence of p47”"°* (FReeMAN and LAMBETH 1996). The role of p477%
appears to be to greatly increase the affinity of p67”"** for the oxidase upon acti-
vation, thereby triggering assembly of the functional complex (FREEMAN and
LAaMBETH 1996). The presence of SH3 and proline-rich regions in both p47”*** and
p67°"°* 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 p47”"°* (BRoMBERG and Pick 1985; SumMiMoToO et al.
1994). Because phosphorylation of p477°* 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 p47”"°* 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; SuMiMmoTO et al. 1994; Fig. 2b). It was proposed that in
resting cells p477"°~ 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 p47”°* free to bind in
trans to the C-terminal SH3 of p67”"°~, and the N-terminal SH3 of p47”"°* to the
p22°"% component of the oxidase on the mitochondrial membrane. In this model
p47°1* serves as an inducible cross-linker whose essential function is to increase the
affinity of p67°° 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 p47”"°* and p67”"*~ in resting cells appears to be
already associated in the cytosol in a complex of over 200 kDa (PARrk 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 p47”"** and the N-terminal proline-rich site of
p67”"°* and between the positively charged C-terminus of p47”"°* (in the vicinity of
its phosphorylation sites) and p67”"°*, were also identified (DE MENDEZ et al. 1996).
In addition a high-affinity binding site for gp91”*** was identified on p47”"*~,
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overlapping its phosphorylation site and the second site of interaction with p677"°~
(DE LEo et al. 1996). And if that were not complicated enough, p40°"** (which is
inessential for oxidase activation in vitro) was found to bind via its own SH3 to the
C-terminal proline-rich region of p47”"°* and in an SH3-independent fashion to the
N-terminus of p67°"°* (Fucss et al. 1995, 1996; Ito et al. 1996; WIENTIES 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 p47°°~,
p677"°* and p40?"° 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 p47”"°¥ (and
perhaps p677"°* 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°"°* is most likely to play a 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
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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 p677**
sufficient for activation of the oxidase in vitro. Asterisks indicate positions of phosphorylation sites on
p477"**_ B Simple model for assembly of the complex. In resting cells p47”"** 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 p47”"** can cross-link p67”"** and p22”"**, 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;
HoLtzMmAN et al. 1993; BENDER et al. 1996; GoobpsoN et al. 1996; MATsuli et al.
1996; TanG and Cai 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, any one 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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1 Introduction

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-1 (IRS-1) 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 MaARGoLIs 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-1/IRS-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 (PID) 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-
versity of Michigan Medical School, 1150 West Medical Center Drive, Ann Arbor, MI 48109-0650, USA
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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
(PeLiccr 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; PeLiccr 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 Grb2/Sos complex with high affinity (Rozakis-Abpcock et al.
1992). The Grb2/Sos 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

Fig. 1. Schematic representation of Phosphotyrosine Binding (P7B) 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, PSD9S5, Disks Large, Z01 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 of NGF 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 She binding to polyoma MTAg 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 MTAg
(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 NPXpY 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 MTAg (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 (pY515)

TrkC (pY516)

EGFR (pY1148)

ErbB2 (pY122)

ErbB3 (pY1309)

Flt4 (pY1337)

Relation to phosphotyrosine
IRS-1/2 PTB binding sites
Insulin receptor (pY960)
IGF-1 receptor (pY950)
IL-4 receptor (pY475)
Relation to phosphotyrosine
X11 PTB binding site
bAPP«s (Y687)

Other NPXY motifs
LDL-receptor (Y828)
Integrin B, (Y795)

QGHI MENPQpYF SD
LPSLLSNPTpYS VM
KIPVI ENPQpYF GI
RIPVI ENPQpYF RQ
HQI SL DNPDpYQ QD
FSPAF DNLYpYWDQ
T DS AF DN PDpY WHS
GGQVF YNSEpYGEL
9 —7-5-3-10+1+3

PLYAS SNPEpYLSA
VLYAS VNPEpYFSA
PLVLADNPApYRSF
-9 -7-5-3-10+1+3

QQNGY ENPT YKFF

NSI NF DNPV YQKT
AVTTV VNPK YE GK

The binding sites for Shc, IRS-1/IRS-2 and X11 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 X11 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 NPXpY 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 (LAl 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 YXNPXpY (where V¥ 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 W XNXXpY (LAMINET et al. 1996).
The binding affinity between the Shc PTB domain and a peptide from NGF-
receptor containing the Y490 site has been measured at approximately 50 nM
(LAMINET et al. 1996; ZHou et al. 1995a).

In order to determine the function of the Shc 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 complexing with phosphotyrosine. This group identified the
arginine at residue 175 (R175) of p52 Shc 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
(Yanik 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, S151 and R67 (ZHOU et al. 1995b). Of these, R175 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; YAINIK 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 a-helix of the Shc PTB domain and interacts
with both the minus 3 asparagine and minus five hydrophobic residue of the b-turn
YXNPXpY 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;
PrATT 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 (YAINIK 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 MTAg (Blaikie
et al. 1997) and has been reported to block ZAP-70 signaling (MiL1A 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
(GortoH et al. 1995; RICKETTs 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 (RICKETTS 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
(L1u 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 YXNPXY
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-1 PTB Domain

An NPXpY motif also plays an important role in insulin signal transduction. In the
late 1980s it was realized that a phosphotyrosine containing NPEpY motif was
important for many aspects of insulin receptor signal transduction. This
phosphotyrosine at residue 960 of insulin receptor was essential for the phos-
phorylation of the IRS-1 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-1 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-1 was dependent not only on the
phosphotyrosine residue but also on the asparagine and proline residues within this
motif. The PTB domain on IRS-1 that bound to this NPEpY 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-1 PTB domain functioned slightly
different than the Shc PTB domain. First there was no significant primary sequence
similarity between the Shc and IRS-1 PTB domains (although several alignments
were proposed). Second the binding specificity of the IRS-1 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 ¥XNPXpY motif, the IRS-1 PTB domain bound to the
sequence YWYWXXNPXpY (Table 1). In contrast to Shc PTB domain, which uti-
lizes a hydrophobic amino acid five residues amino-terminal to the phosphotyro-
sine, the IRS-1 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 NPXpY motif appears more important for IRS-1 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-1)
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-1 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-1 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-1 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
B-strand sandwich with a carboxy-terminal a-helix. However, the residues of the
PTB domain that mediate the interactions with the B-turn peptide are different for
IRS-1 and Shec. In particular, the amino acids that interact with the phosphoty-
rosine are highly divergent.

The role of the PTB domain in IRS-1 function in living cells has not been
studied as extensively as its role in Shc function. Studies of point mutants that
eliminate IRS-1 PTB domain activity have not been published but studies have
been performed in which deletions have been made in the PTB domain of IRS-1.
Deletion of the PTB domain weakens but does not eliminate the phosphorylation
of IRS-1 after insulin stimulation. Equally important for IRS-1 phosphorylation is
the IRS-1 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 of IRS-1 with receptors leading to IRS-1 phosphorylation.
This may be particularly important in cells with low levels of IRS-1/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-1/IRS-2 PTB domains do not
align with these PTB domains. The PTB domains in the proteins shown in Fig. 1
(excluding IRS-1) 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 B-strand. As such it is a crucial structural component but not
involved in peptide interactions (ZHouU et al. 1995b). The serine is involved in the
interaction of the Shc PTB domain with the phosphotyrosine of the NPXpY
peptide. Most PTB domains also contain a conserved phenylalanine at the residue
analogous to F198 of p52 Shc. The only exception is the PTB domains found in the
FE65 family of proteins, where the phenylalanine is replaced by a cysteine (YAINIK
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. 1. 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 X11

FE65 and X11 will be described together as their PTB domains appear to share a
common target, -amyloid precursor protein (BAPP). 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
FEG65 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 (SupoL et al. 1995; Staus and
RotiN 1996). As with many proteins in the PTB domain family, several genes
encode members of the FE65 family (GUENETTE et al. 1997).

X11 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 X11 have been identified as proteins that bind to BAPP (FioRrRE
et al. 1995; BoraG et al. 1996; BRESSLER et al. 1996; McLouGHLIN and MILLER 1996;
GuENETTE et al. 1997). BAPP 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
B-amyloid, a protein that is deposited in the extracellular space of patient’s with
Alzheimer’s disease. The crucial role of BAPP in Alzheimer’s disease has been
confirmed by finding several mutations in the PAPP gene that lead to increased
processing of BAPP to B-amyloid and early onset of Alzheimer’s disease. The
binding of FE6S5 to the intracellular domain of BAPP 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 BAPP but
also to the related BAPP-like proteins. The binding of FE65 to the intracellular
domain of BAPP 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 BAPP. We found that the PTB domain of X11
also bound BAPP but not the PTB domain of p96, Numb or Shc (Bora et al. 1996).
Additionally we and others narrowed the BAPP binding site to the carboxy-ter-
minal PTB domain of FE6S.

The binding of BAPP was intriguing because BAPP contains a YENPTY motif
within its intracellular domain. This sequence fits with the consensus binding site
for the Shc PTB domain, namely ¥XNPXY. Our group set out to determine if this
motif was the binding site for the FE65 and X11 PTB domains (BorG et al. 1996).
Mutation of the amino-terminal tyrosine or the asparagine residue of the YENPTY
motif blocked the ability of BAPP to bind to X11. Furthermore a 12 mer peptide
containing the YENPTY motif of BAPP blocked interaction between PAPP and
X11. A crystal structure of the PTB domain of X11 bound to this 12 mer peptide
has been solved, indicating that the PTB domain of X11 forms the same basic
structure as the Shc and IRS-1 PTB domain and that the YENPTY peptide binds
into the same site between the carboxy-terminal a-helix and the B-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 PAPP and FE65. Furthermore, peptides containing the
YENPTY site that interfered with X11 binding did not affect FE6S binding. This
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suggests that the FE65 PTB domain binds to a different site on BAPP than X11 but
that the binding site includes at least a portion of the YENPTY motif.

We have also identified mutations within the PTB domain of X11 and FE65
that interfere with binding to BAPP. These mutations target the residue analogous
to the F198 residue that severely impairs Shc PTB domain binding. In most PTB
domains (including X11) this residue is a phenylalanine and mutation of this res-
idue reduces the binding ability of the X11 PTB domain. In FE65 this phenylala-
nine is a cysteine in both PTB domains (YAINIK 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 X11 and FE65.

A distinct possibility is that FE65 and X11 modulate the processing of BAPP.
The mechanism by which BAPP is processed to B-amyloid is a subject of extensive
research. BAPP undergoes two types of processing. One involves an enzyme called
a-secretase. This protease cuts at a region close to the membrane and excludes the
production of the proamyloidgenic B-amyloid protein. The other enzyme, B-sec-
retase, cuts further from the membrane and is responsible for B-amyloid produc-
tion. It is felt that this cleavage occurs intracellularly either as BAPP is making its
way to the cell surface or after internalization (PEREZz et al. 1996). This internal-
ization is dependent, in part, on the YENPTY sequence that controls endocytosis
of BAPP into clathrin pits (LAr et al. 1995a). Deletion of the YENPTY, the site of
binding for X11 and part of the binding site for FE65, reduces the production of
B-amyloid from BAPP (Koo and SQuazzo 1994). Thus it is possible that FE65 or
X11 may be responsible for the internalization of BAPP via the NPXY motif or
may serve to modulate the internalization. The normal function of BAPP on the cell
surface is unknown. It has been suggested that BAPP 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). X11
and FE65 could play a 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 X11.

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 IIa and IIb 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 Ila
cell while the sheath and the neuron cell come from the IIb cell. During division of
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the SOP cell, Numb localizes to the cell membrane on one side of the cell (RuyU
et al. 1994). This causes all of the Numb to be localized to the IIb cell. In flies
carrying loss of function Numb alleles, the IIb 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 Ila 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 IIb daughter cell. However, the PTB
domain is crucial in the effector role of Numb in that daughter cell (FRrise 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 IIb cells to adopt the fate of
ITa cells. Notch is present in both Ila and IIb cells but its signaling in IIb cells
may be attenuated by the presence of Numb (FRise et al. 1996). In transfected
Drosophila Schneider S2 cells, the protein suppressor of Hairless, Su(H), is localized
to the nucleus but if it is coexpressed with Notch it localizes to the cytoplasm
(ForTtint and ArTAVANIS-TsakoNAs 1994). If the Notch receptor is activated by
ligand, Su(H) moves to the nucleus. Overexpression of Numb antagonizes the
agonist induced movement of Su(H) and this effect is dependent on an intact Numb
PTB domain. In a mammalian neural crest cell line, MONC-1, 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 X11
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 phosphotyrosine-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-1 (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 1 (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 of mDabl is 63% identical to the p96/mDab2 PTB domain and 52%
related to Drosophila Disabled. However, both mDabl and p96/mDab2 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 P19 em-
bryonal carcinoma cells. It has been found that the PTB of mDabl binds to
phosphotyrosine 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, phosphotyrosine containing proteins. This suggests
that, like Shc and IRS-1, the mDabl PTB domain might play a 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-1 PTB
domains bind phosphotyrosine and it is possible that the PTB domain from mDabl
does the same. However, for FE65 and X11 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 phosphotyrosine dependent binding is
still unclear, many of the known ligands for PTB domains form a B-turn structure.
This B-turn allows the ligand multiple interactions between the B-sandwich and
carboxy-terminal a-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 f-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-1 (KouHARA et al., Cell 89, 693, 1997) and further studies on the binding
specificity of the Numb PTB domain have been published (LiE et al. Proc Natl Acad Sci 94:7204, 1997)
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1 Introduction

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
cytoskeletal organization processes. Soon after the identification of the PH domain,
structural studies showed that it does indeed form an independent module with a
characteristic p-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 précis 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-1 and
pleckstrin; they are sometimes present close to the C-terminus, as in BARK and
pleckstrin. The Dbl homology region found in many guanine nucleotide exchange
factors (GNEFis) 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 Vav and Sos that is homologous to a portion of Dbl (the db/ oncogene product),
and is thought to act as an exchanger for Rho-like small G-proteins. SEC7 represents a region in Grpl
and cytohesin-1 that shares homology with a region in the yeast Sec7 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-1 and PLC-8;, 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 B-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 B-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 B-spectrin (MAcias et al. 1994), Drosophila B-spectrin (ZHANG et al.
1995) and dynamin-1 (DowNING et al. 1994; FusHMmaAN et al. 1995). X-ray crys-
tallography has been used to determine the structure of the dynamin-1 PH domain
(FERGUSON et al. 1994; TimMM et al. 1994), as well as complexes between inositol-
1,4,5-trisphosphate (Ins (1,4,5) P3) and the PH domains from PLC-8, (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 B-sandwich of
two sheets in which the B-strands of one sheet are nearly orthogonal to those of the
other sheet (Fig. 3).

Using the dynamin-1 PH domain as an example, the characteristics of the
structure can be discussed (Figs. 3, 4). The strands in each B-sheet are arranged as
in a “B-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 B-sheet that packs almost orthogonally against a second
B-sheet of three strands (Fig. 3). Hydrophobic side-chains from each of the two
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Fig. 3. MOLSCRIPT (KRraAuLis 1991) representations of the PH domains from PLC-8; (FERGUSON et al.
1995), dynamin-1 (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 o-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-4, (Kp = 0.21 pM) and spectrin (Kp = 40 pM). In each case the
1-phosphate is most exposed. The PLC-8; PH domain has additional o-helices at its N-terminus and in its
B5/B6 loop (FERGUSON et al. 1995). Spectrin PH has an additional a-helix in its 3/p4 loop (MAcias et al.
1994; HYVONEN et al. 1995)
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Fig. 4. MOLSCRIPT (KrAuLis 1991) representation of the PH domain from dynamin-1 (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-1, 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-§,, spectrin and pleckstrin

B-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 B-barrels, since the
interstrand hydrogen bonding pattern does not continue all around the structure
(WooLrsoN et al. 1993). As is typical for near-orthogonal B-sheet packing (CHo-
THIA 1984), the right-handed twist of the two B-sheets results in close contact only
at two (close) corners. One close corner results from strand B-1 that contributes to
both B-sheets, while the other is completed by a type II B-turn between strands B4

»
»

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-3,, and the positions of secondary structural
elements are marked as black arrows (B-strands) or a black rectangle (C-terminal o-helix). The three
variable loops, VL-1, VL-2 and VL-3, as marked in the dynamin-1 PH domain in Fig. 4 are marked in the
sequence. For the PLC-3, PH domain, residues that contact Ins (1,4,5) Ps 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 (MATTSSON et al. 1996) and E41, at which a gain-of-
function was found in a screen of random Btk mutants (L1 et al. 1995)
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and BS. The other two (splayed) corners are splayed apart. One splayed corner
(Fig. 4, top) is closed off by a C-terminal amphipathic a-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 B-sandwich (Fig. 4, bottom) is closed off largely by side-chains from
the B1/B2 and B6/B7 connecting loops and portions of B4. 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 a-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 well as that in Fig. 2) that four of the interstrand loops are
particularly variable in both length and sequence. These are loops B1/B2, B3/p4, B5/
6 and B6/B7. As seen in Fig. 3, the spectrin PH domain contains an additional 2-
turn a-helix in the f3/B4 loop that is not seen in the other domains, and the PLC-§,
PH domain has an additional a-helix in its B5/B6 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 electrostatically polarized, with the positively charged face of each do-
main corresponding to that containing the most variable loops (Fig. 6). As will 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 PB-adrenergic receptor kinase
(BARK) (Fig. 1) provided some immediate indication that this might be true. The
PH domains of Btk and BARK replace fatty acylation sites in their homologs Src

»
>

Fig. 6. Electrostatic polarization of PH domains. The PLC-8, (left) and dynamin-1 PH domains are
shown in the same orientation as that seen for the dynamin-1 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) P; binds in the center of the positively
charged face of the PLC-8, PH domain. This figure was generated using the program GRASP (NicHoLLs
et al. 1991)
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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-6, (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 By-subunits (Gg,) of heterotrimeric
G-proteins (INGLESE et al. 1995), protein kinase C (PKC) isoforms (YAo 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 Gg,-Subunits: The BARK PH Domain

The PH domain at the C-terminus of BARK (Fig. 1) 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 BARK requires the presence of free Gg,-subunits at the
membrane surface for PARK membrane targeting and agonist-dependent phos-
phorylation of the P,-adrenergic receptor (PITCHER et al. 1992). The C-terminal
portion of BARK, which includes its PH domain, is important in this Gg,-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 BARK can directly inhibit Gg,-stimulated receptor phosphorylation by
BARK (KocH et al. 1993), and can also inhibit various Gg,-mediated signaling
processes (KocH et al. 1994). These observations led to the suggestion that the
BARK PH domain binds directly to Gg,-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-1, OSBP and RacP, could bind to
Gg,-subunits in experiments involving B-subunit precipitation from cell lysates by
immobilized GST-fusion proteins of the various PH domains. A similar result was
presented by others for the PH domains from Btk (Tsukupa et al. 1994) and
B-spectrin (WANG et al. 1994). Furthermore, overexpression of several different
isolated PH domains (from BARK-1, PLC-y, IRS-1, Ras-GAP and Ras-GRF) was
reported to inhibit Gg,-mediated stimulation of inositol phosphate production by
the a2-C10 adrenergic receptor (LUTTRELL et al. 1995), but not by G,-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 Gg,-subunits by the PH domain
(TsukupaA et al. 1994).

As a result of these observations, it has been suggested that most PH domains
interact with the By-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 Gg, binding by PH domains
other than that of BARK 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
BARK to Gg,-subunits (KocH et al. 1993; MAHADEVAN et al. 1995). In the study of
Gy, 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 PARK, this extension was essential for Gg, binding to the Ras-GRF PH
domain construct. Furthermore, a 28-mer synthetic peptide containing 14 residues
from the C-terminus of the BARK PH domain (beginning at the invariant tryp-
tophan) plus 14 residues from beyond the PH domain C-terminus can inhibit Gg,
binding to PARK (KocH et al. 1993). This observation suggests that Gy, 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 BARK binding to the membrane surface actually requires both
binding of this C-terminal extension to Gg, 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 a, B and y isoforms from rat brain (YAo et al.
1994). Btk itself was found to co-immunoprecipitate with the BI 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
Akt/Rac/PKB protein Ser/Thr 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 A,’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) P,) with a Kp in the range of 30 pM (HARLAN et al. 1994). Analysis of NMR
chemical shift changes in the PH domain upon addition of PtdIns (4,5) P, showed
that the site of binding included the B1/B2 and B3/p4 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, BARK
and pleckstrin (C-terminal) showed similar PtdIns (4,5) P,-binding properties. As
will be discussed below for each individual case, high-affinity PtdIns (4,5) P, binding
has since been reported for the PH domains from PLC-§; (LEMMON et al. 1995;
GARcalA 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 Kp values in the 1 uM range. The PLC-3, PH domain binds to both PtdIns
(4,5) P, and its headgroup inositol-1,4,5-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) P; complex (FERGUSON et al. 1995). PtdIns (4,5) P,
binding to the PLC-3; 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; CirueNTEs et al. 1993). High affinity binding to phosphoinosi-
tides and their headgroups 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) P, and PtdIns (3,4,5) Ps, as well as their
inositol phosphate headgroups (KLIPPEL et al. 1997; JAMEs et al. 1996; FRANKE et al.
1997; FrRECH et al. 1997). As discussed below, Akt/PKB/Rac binding to PtdIns (3,4)
P, 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
headgroups with lower affinities and varying degrees of specificity. These include the
PH domains from spectrin (HYvONEN et al. 1995; WANG and SHAwW 1995), dynamin
(SALM et al. 1996; J. ZHENG et al. 1996), Btk (SALIM et al. 1996; FukuDaA et al. 1996)
and Ras-GAPI1 (Fukupa 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) P,) 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
Gg,-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 (MATTSSON 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 (THomaAs 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 (MANoO 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 BARK, 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) Ps/PtdIns (4,5) P,-binding
site of the PLC-8, and pleckstrin PH domains (VIHINEN et al. 1995; MATTSsON 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-§,
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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) Ps
(SALIM et al. 1996) and Ins (1,3,4,5) P4 (Fukupa 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) Ps, 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
ICsp of 40 nM in competition assays (FuKuDA et al. 1996). Thus, these data provide
some evidence in support of PtdIns (3,4,5) P; 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), Gg,-subunits
(Tsukupa et al. 1994) and a recently cloned 135-kDa protein named BAP-135
(YANG and Desiperio 1997). Btk can be co-immunoprecipitated with PKC BI from
mast cells, and phosphorylation of Btk by PKC downregulates its activity in vitro.
Yao 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
Gg,-subunits, but in this case the effect of XLA- or Xid-associated mutations on the
interaction was not investigated (Tsukupa et al. 1994). Certain Gg,-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 Gg,-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 of BAP-135 phosphorylation, PH domain mutations that are
associated with Xid had only a small effect (YANG and DEesiperio 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 BARK PH Domain: Coordinate Binding to Gg,
and Phosphoinositides

As was discussed in some detail in Sect. 4.1, the C-terminal portion of BARK can
interact with Gg,-subunits, and some experiments have suggested this to be a
property of several different PH domains. The main difficulty with the view that
Gg, binding might represent a relatively general function of PH domains stems
from the finding that only the very C-terminus of the PARK PH domain and
residues beyond its C-terminus are required for this interaction (KocH et al. 1993).
This view would argue that the entire B-sandwich region of the PH domain is
dispensable for its function. It was recently found that Gg,-subunits alone are not
sufficient for recruitment of BARK to the membrane surface (PITCHER et al. 1995).
While Gg,-subunits present in crude lipid preparations can direct membrane
association of BPARK, they could not when reconstituted into pure phosphati-
dylcholine (PC) vesicles. However, if PtdIns (4,5) P, was added to the PC vesicles,
the ability of Gg, to recruit PARK was restored. These studies argue that the
C-terminus of BARK binds simultaneously to both PtdIns (4,5) P, (or another
similar lipid) and Gg,. The PH domain itself is likely to be responsible for PtdIns
(4,5) P, binding, while the C-terminal extension is likely responsible for Gg,
binding. Neither of the individual ligands alone is sufficient for membrane binding
of BARK (PiTcHER et al. 1995). A similar combination of ligands may explain the
observations mentioned above for Gg,-activation of the Tsk kinase, where an ad-
ditional unidentified membrane component was required in addition to Gg, 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 fg-Spectrin

In what is becoming a common theme for PH domains, the PH domain of
B-spectrin has also been reported to bind to both Gg,-subunits (TOUHARA et al.
1994; WANG et al. 1994) and to Ins (1,4,5) P;, the headgroup of PtdIns (4,5) P,
(HyvONEN et al. 1995; WANG and SHAW 1995). Bg-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 ICsq 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-terminal 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 Bg-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 Bg-spectrin PH
domain binds strongly to bovine brain membranes (WANG and SHAW 1995). In this
study it was reported that Gg, or other proteins are not required for membrane
association, but that Ins (1,4,5) P; can inhibit the interaction. Binding of
Ins (1,4,5) P; itself to the Bg-spectrin PH domain was shown by HYVONEN et al.
(1995) to occur with a Kp > 40 pM, 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) P,
Ins (1,3,4,5) P4 and 1-glycerophosphoryl-Ins (4,5) P;). An X-ray crystal structure
of the spectrin PH/Ins (1,4,5) P; complex showed that Ins (1,4,5) P; lies on the
surface of the domain (Fig. 3), making hydrogen bonds with a total of five residues
from the B1/B2 loop (four residues) and the BS5/B6 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 S5-phosphates of Ins (1,4,5) P;, with the 1-phosphate
completely solvent-exposed as would be required for the PH domain to bind to this
head group when presented by PtdIns (4,5) P, 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) P, 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 play a 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 Dbl PH domain inhibits the ability of oncogenic Dbl to transform
cells, while overexpression of the Vav PH domain has no such effect, suggesting
subcellular targeting of Dbl by its PH domain to a specific, as yet unidentified,
cytoskeletal component (Y. ZHENG et al. 1996). The PH domain immediately fol-
lowing the Dbl homology region of both the Ost and Lfc oncogenes has also been
shown to be required for the ability of these proteins to transform cells (Horui 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 Dbl does not restore its transforming ability (Y. ZHENG et al. 1996), it
can be argued that the PH domains of Dbl 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 Dbl 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 Gg,-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 Dbl 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/
Drk, 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 Dbl homology region and PH domain (McCoLLAM et al. 1995;
KARLOvVICH 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 Dbl 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 (KARrRLovicH et al. 1995), and overexpression of the
hSos1 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, KArRLOVICH 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) P, has also been shown to
bind to the mammalian Sos PH domain with relatively high-affinity (Kp =
1.1-1.8 pM) (Kusiseski et al. 1997; CHeN et al. 1997), and clear selectivity for
PtdIns (4,5) P, over PtdIns (4) P or PtdIns (3,4,5) P; was seen (KUBISESKI et al.
1997). A signal-dependent PtdIns (4,5) P,-mediated membrane recruitment event
would seem unlikely. Indeed, a Sos PH domain mutant that binds only very weakly
to PtdIns (4,5) P, still shows serum-dependent plasma membrane localization
(CHEN et al. 1997), casting significant doubt on the likelihood that PtdIns (4,5) P, 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-1, BARK or PLC-3; had no effect upon
GVBD when injected into oocytes, indicating differences in their specificity. Since
the PLC-3, PH domain binds to PtdIns (4.5) P, 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-1 PH Domain in Recruitment
to the Activated Insulin Receptor

The insulin receptor substrate-1 (IRS-1) 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-1 significantly reduces its insulin-
stimulated tyrosine phosphorylation compared with wild-type IRS-1 (MYERS et al.
1995; VouriovitcH et al. 1995). In 32D cells, which lack endogenous IRS proteins,
only wild-type and not the PH domain-deleted form of IRS-1 could confer insulin-
dependent stimulation of PI 3-kinase activity (MyYERs et al. 1995). These results
indicate that the PH domain of IRS-1 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-1 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-1 phosphor-
ylation. It thus appears that the two domains are likely to cooperate under normal
conditions in recruitment of IRS-1 to the activated insulin receptor. Since the PTB
domain of IRS-1 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-1 in Rapid Endocytosis

A specific role for the PH domain of the GTPase dynamin-1 in regulation of
endocytosis has recently been demonstrated (ARTALEO et al. 1997). Introduction of
the dynamin-1 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-1 PH domain, and not those
from PLC-§, or pleckstrin, could inhibit RE. Since the PLC-3, and pleckstrin
(N-terminal) PH domains both bind to PtdIns (4,5) P», this finding suggests that
this phosphoinositide is not the relevant ligand for the dynamin-1 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-1 PH domain, had no effect
upon RE. Mutagenesis studies showed that residues in the B1/B2 loop of the
dynamin-1 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 B1/B2 and B6/B7 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 Gg,-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 PtdIns (4,5) P, as the relevant ligand. Nonetheless, while
LeMMoN et al. (1995) failed to detect binding of the dynamin-1 PH domain to PtdIns
(4,5) P, in vesicles using calorimetric and equilibrium gel filtration approaches,
SALIM et al. (1996) reported its selective binding to PtdIns (4,5) P> and PtdIns (4) P,
but not PtdIns (3.4,5) Ps, using surface plasmon resonance (SPR). No indication of
the strength of this binding was given. J. 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-1 PH domain to Ins (1,4,5) P; or GPtdIns (4,5) P, has been
studied by NMR, with the finding that the Kp, is in the 1.23 pM (SALIM et al. 1996)
to 4.3 mM (J. 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 pM 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.



60 M.A. Lemmon and K.M. Ferguson

5.7 Specific PH Domain Binding to PtdIns (4,5) P,:
The PLC-6; 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-B or PLC-y, but the PLC-3; PH domain provides the best
characterized example of PH domain recognition to date. Intact PLC-8, binds with
high affinity to PtdIns (4,5) P,-containing membranes (REBECcHI et al. 1992), and
proteolytic removal of the amino-terminal 60 amino acids from PLC-3; abolishes this
binding. The resulting large proteolytic fragment retains catalytic activity, but has a
reduced capacity for processive PtdIns (4,5) P, hydrolysis, suggesting the presence of
a noncatalytic PtdIns (4,5) P, binding site in the N-terminus of the enzyme
(CrrueNTEs et al. 1993). Ins (1,4,5) P, the headgroup product of PtdIns (4,5) P,
hydrolysis by PLC, also binds to intact PLC-3, (KANEMATSU et al. 1992), and inhibits
its high-affinity binding to PtdIns (4,5) P,-containing vesicles (CIFUENTES et al. 1994).
PLC-3, was, in fact, cloned in a search for cytoplasmic Ins (1,4,5) P3 binding proteins,
and Ins (1,4,5) P; inhibits PLC-§, activity in an apparently noncompetitive fashion
(KANEMATSU et al. 1992). Removal of the amino-terminal portion of PLC-§,
abolishes both high-affinity binding of the enzyme to PtdIns (4,5) P, and the inhib-
itory effect of Ins (1,4,5) P3, indicating that PtdIns (4,5) P, and Ins (1,4,5) P; bind to
the same region (YAGIsAwWA 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-6, 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-3, PH
domain binds in vitro to PtdIns (4,5) P, in lipid vesicles with a Kp of approxi-
mately 1.7 pM and 1:1 stoichiometry (GARCIA et al. 1995; LEMMON et al. 1995).
Ins (1,4,5) P; competes directly for this binding, and itself binds to the PH domain
in a specific 1:1 interaction with a Kp 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 1-position is required for the highest affinity interaction. Removal,
addition, or rearrangement of any phosphate groups in Ins (1,4,5) P; leads to a
reduction in the affinity of at least 15-fold. The X-ray crystal structure of the
complex between the PLC-6, PH domain and Ins (1,4,5) P; (FERGUSON et al. 1995)
provides a view of the basis for this specificity (Figs. 3, 7). The residues in the PLC-§,
PH domain that interact with Ins (1,4,5) P; are mostly in the B1/B2 and B3/B4
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 of Ins (1,4,5) P 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-§, PH domain may associate with a membrane containing
PtdIns (4,5) P,. The PLC-3, PH domain is shown in a MOLSCRIPT representation (KrRAULIS 1991) with
the positions of the nine amino acids that form hydrogen bonds to Ins (1,4,5) P; represented by dots (all
H-bonds are direct except those from the backbone carbonyls of E54 and T107, which are H,O-medi-
ated). As discussed in the text, the side-chains K57 and K30 ‘clamp’ the 4- and 5-phosphates into the
binding site, and the W36 side-chain is hydrogen-bonded to the 1-phosphate. To generate this figure,
diacylglycerol has been attached to the 1-phosphate of the Ins (1,4,5) P; observed in the crystal structure
of the PLC-8,/Ins (1,4,5) P; complex (FERGUSON et al. 1995) to give an impression of how the PH domain
might bind PtdIns (4,5) P,. The modeled PtdIns (4,5) P, 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 PtdIns (4,5) P, 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 PLC-8; PH do-
main forms two hydrogen bonds to the 5-phosphate of Ins (1,4,5) P3. The backbone
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carbonyl of E54 in the PLC-6, PH domain forms a water-mediated hydrogen bond
with the 5-phosphate of Ins (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 (L1 et al. 1995). The 1-phosphate of Ins (1,4,5) P; is hydrogen bonded to the
indole nitrogen of W36 in the PLC-8, PH domain, and the inositol chair is in van
der Waals contact with the W36 side-chain (FERGUSON et al. 1995). W36 of PLC-5,
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 1-phosphate of
Ins (1,4,5) P; is solvent exposed, and can readily accommodate a glycerol moiety, as
is evidenced by the fact that GPtdIns (4,5) P, binds with high affinity to the PLC-9,
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) P», 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 headgroup and
occur, in the center of the interface.

As mentioned above, the PH domain of PLC-§, 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-3; 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) P, in vesicles upon its hydrolysis by intact and N-terminally
proteolyzed PLC-4, showed that removal of the PH domain abolishes processive
catalysis by the enzyme (CirFUENTES et al. 1993). The ability of PLC-3; to hydrolyze
PtdIns (4) P is also markedly increased by the presence of PtdIns (4,5) P, in the
same vesicles (LOMASNEY et al. 1996). When mutations are made in the PH domain
of intact PLC-3; that reduce its affinity for PtdIns (4,5) P,, this effect is lost.
Furthermore, Ins (1,4,5) P; inhibits this stimulatory effect of PtdIns (4,5) P, with an
ICsq of less than 1 pM (LoMASNEY et al. 1996). These observations together argue
that the PLC-3, PH domain acts as a membrane tether that allows a processive or
“scooting’ mode of catalysis (RAMIREZ and JAIN 1991). The recent determination
of the X-ray crystal structure of the catalytic domain of PLC-3, 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-9, activity and how Ins (1,4,5) P; can prevent this is depicted
schematically in Fig. 8.

In addition to providing an explanation for the ability of Ins (1,4,5) P to
inhibit PLC-8; 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 headgroup is a second messenger, as for Ins (1,4,5) P3 and Ins (1,3,4,5) Py, it
might be speculated that inositol phosphate accumulation will lead to dissociation
of the PH domain from the membrane surface when PtdIns (4,5) P, or PtdIns
(3,4,5) P5 is the membrane ligand. While this idea is attractive, the in vitro studies
with PLC-96, provide the only current evidence for this mechanism. In other cases,



63

Pleckstrin Homology Domains

(T661 ‘T8 19 NSLYWANVY) OIIIA Ul PIAI3SqQO U33q sey £J] Aq Aanoe 19-D1d
Jo uoniqIyuy (€661 ‘Te 19 SILNENAID) PIAOWAI ST UTRWOP HJ Y} USYM PIAIISQO OS[E SIS 1S0[ 3q [[1M SISK[0IPAY CJ[d JO din1eu dA1ssao001d oy ‘urewiop Hd i1 01 punoq
€41 YNAN I9Y19] QUBIQUISW 3y} SAOWAI SNY) PuB ‘urewop Hd Y3 01 Surpuiq 10j 319dwod [[im 11 ‘sae[nuunode (3WAzus 3y jo 1onpoid ©) £J] 1uaroyns J 'S9[0L0 onA[eIed
U22M)2q SUBIQUIAW 3} WOIJ UONIBIOOSSIP INOYIIM SWAZUD Y] AQ SISA[0IPAY TJId 2aIssaoord Suimorre ‘(A11anoe y3iy) a3y oy jo 1red puey-1y9[ ay3 ul (J1d) arensqns
$31 01 1Q-D1d SIay19) urewop Hd Y "A11A10e SWAZU? 1038 ued urewop Hd 'Q-D71d Ul Aq Suipuiq €4 (S4°1) sul pue ¢J (S'p) SUIPId MO JO MIIA DIIBWAYDS Y 8 *SI

ANATOY MO A1Anoy YsStH



64 M.A. Lemmon and K.M. Ferguson

notably for PtdIns (4,5) P, binding by the N-terminal pleckstrin PH domain
(HARLAN et al. 1994) and the Sos PH domain (Kusiseski et al. 1997), rather high,
nonphysiological, concentrations of Ins (1,4,5) P; 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-6, 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) P,

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 (FrRANKE et al. 1995), insulin (KoHN
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 CofrreR 1995; KoHN 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; DipICHENKO 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 Correr 1995). Recent
studies have shown that Akt plays a key role in the regulation of neuronal survival
(Dupkk 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 (FRrEcH et al. 1997; FRANKE et al. 1997) bind with high affinity
to PtdIns (3,4,5) P; and PtdIns (3,4) P,, the major products of PI 3-kinase. The
relative affinities of PtdIns (3,4) P, and PtdIns (3,4,5) P; 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) P,. FREcH et al. (1997) have also shown that the Ins (1,3,4,5) P,
headgroup is recognized with high affinity, although it is not clearly preferred over
Ins (1,4,5) P;. As well as binding to the PH domain, PtdIns (3,4) P, directly acti-
vates Akt in vitro (KLipPEL et al. 1997; FRANKE et al. 1997; FrecH et al. 1997),
while PtdIns (4,5) P, has no such effect, and PtdIns (3,4,5) P; was actually found to
be inhibitory (FrRecH et al. 1997; FRANKE et al. 1997). Clear evidence for the
specificity of this effect was provided by KvLipPEL et al. (1997), who showed that
vesicles containing PtdIns (3,4,5) P; could activate Akt only after their treatment
with an inositol 5” phosphatase to produce PtdIns (3,4) P,. Akt with its PH domain
deleted or mutated could not be activated by PtdIns (3,4) P, or inhibited by PtdIns
(3,4,5) P3 in these studies (KLIPPEL et al. 1997; FrRecH et al. 1997; FRANKE et al.
1997). As a caution, it should be noted that in one report Akt stimulation by PtdIns
(3,4) P, 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 (KouN 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) P, or PtdIns (3,4,5) P3. The finding
that synthetic PtdIns (3,4) P, 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
(FrRANKE 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) P, 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 membrane surface and catalyzes the 3-phosphorylation of PtdIns (4) P and PtdIns (4,5)
P,. PtdIns (3,4) P, 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-1, and was cloned in a yeast two-hybrid screen for proteins
that interact with the cytoplasmic tail of the B2 integrin CDI18 (KoLANuUS et al.
1996). Overexpression of cytohesin-1 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-1 (KorLanus et al. 1996). Several other PH domains tested had no such
inhibitory effect, indicating that specific interactions of the cytohesin-1 PH domain
are involved. It was shown that the Sec7 homology region of cytohesin-1 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 2
integrins — modifying the ability of LFA-1 to bind to ICAM-1. The PH domain of
cytohesin-1 may play a 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 CDI18 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 >*P-labeled
PI 3-kinase products. The protein, named Grpl (for general receptor for
phosphoinositides-1), is 84% identical in amino acid sequence to cytohesin-1, and
binds specifically to PtdIns (3,4,5) P; and Ins (1,3,4,5) P4 (with a micromolar-range
Kp), but not PtdIns (3,4) P, or PtdIns (3) P through its C-terminal PH domain
(which is 91% identical to the cytohesin-1 PH domain). The same binding char-
acteristics were also found for the cytohesin-1 PH domain, while those from IRS-1
and Sos showed no significant PtdIns (3,4,5) P; binding (KLARLUND et al. 1997).
This finding argues that stimulation of PI 3-kinase leads to recruitment of
cytohesin-1 and Grpl to the plasma membrane, where their Sec7 homology regions
can exert their function. In the case of cytohesin-1, this function appears to be
interaction with, and activation of, the B2 integrin (KoLANuUs et al. 1996). Evidence
has been presented that wortmannin and other PI 3-kinase inhibitors interfere with
‘inside-out’ B2 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-1 and Grp-1 share
82% amino acid identity. Bacterially expresssd ARNO was shown to stimulate
nucleotide exchange on ARFI, for which only the Sec7 homology region is re-
quired. ARNO-mediated nucleotide exchange on vesicle-associated myristoylated
ARF1 was found to be stimulated by the presence of PtdIns (4,5) P, in these
vesicles, but only in the context of other negatively charged lipids (CHARDIN et al.
1996). The effect of PtdIns (3,4,5) P; 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-1 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 B-strands, it is likely that the basic structure seen for the PH domains
from dynamin, spectrin, pleckstrin and PLC-8,; 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-6;, Akt, Grpl/cytohesin-1 and Sos), and in each case
the ligand is a phosphoinositide. There are fewer examples (PLC-3;, Akt, Grpl/
cytohesin-1) 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 protein ligand has been suggested, the physiological rel-
evance is not yet clear. It is striking, however, that a number of PH domains have
been reported to bind weakly to Gg,-subunits, and many (apart from those with
high-affinity phosphoinositide ligands) have been reported to bind weakly to
phosphoinositides. Included in these is the BARK PH domain (plus C-terminal
extension), which binds weakly to both Gg,-subunits (TOUHARA et al. 1994) and to
PtdIns (4,5) P, (HARLAN et al. 1994). Neither one of these potential ligands is alone
sufficient for association of BARK with defined vesicles in vitro. BARK binds
strongly only to vesicles that contain both Gg,-subunits and PtdIns (4,5) P,
(PrrcHER et al. 1995). This finding suggests that the two weak ligands are coordi-
nately recognized by the BARK C-terminus, and this may turn out to be a feature
of several PH domains. BARK binds to Gg, predominantly through the very C-
terminus (and beyond) of the PH domain (KocH et al. 1993), while binding of the
BARK PH domain to PtdIns (4,5) P, is likely to resemble that seen for the PH
domains from pleckstrin (HARLAN et al. 1994), spectrin (HYVONEN et al. 1995) and
PLC-6, (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-3; (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 PARK 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 BARK PH domain implicated in Gg, 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-1 (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 phosphopeptide binding. The peptide binds
primarily in a groove formed between the C-terminal a-helix (a1 in Fig. 4) and
strand B5 (see Fig. 4) that is present in both PH and PTB domains. Given this fact,
and the data for Gg, binding to PARK, 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-1, Dbl, Sos and dynamin-1 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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1 Introduction

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
CX5CX 6 23HX,CX5CX 6 23CX,C (Where X is any amino acid). Cysteine-rich
LIM domains bind two atoms of Zn>" with the most common tetrahedral coor-
dination being S;N and S; (MICHELSEN et al. 1993). The Zn>* 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: /in-11 which functions in asymmetric division of Caenorhabditis elegans
secondary vulval blast cells (FREYD et al. 1990); Isl1 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., LIM1 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 LIM1.
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, Lhx1 (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 LimS5 (see Table 1). Because
some names such as Isll 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. 1. 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 LIM1 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 LIM1 and LIM2 domains. Sequences are
anchored by the eight conserved residues that are ligands for the two bound Zn>*
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
Zn>" 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 B sheets present in LIM domains.

Additional residues are conserved within the B and 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 B and 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 LIM1 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 Zn** coordinations of LIM domains are shown in the 2 Zn** -finger repre-
sentation of LIM 3 of Enigma (Fig. 2) and in the three-dimensional structure of
LIM?2 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 Zn>" atoms are bound
independently in the N terminal and C terminal liganding modules (PEREZ-ALVARADO
et al. 1996). In the first Zn?>"* binding module, Cys residues occupy the first two
Zn®>" ligands in all LIM domains and changing the second Cys ligand to His
abolished Zn>* binding of LIM2 of CRP (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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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 Zn>* is numbered as / 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, ie., LIM
domain 1 of the protein Enigma contains Glu at this position and binds two
atoms of Zn®" (GiLL 1995). In the second Zn>" 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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Cys at ligand position 5 to His abolished Zn?’" binding to LIM2 of CRP
(MicHELSEN et al. 1994). Ligand position 8 can be Cys, His or Asp. The N
terminal Zn>" module thus consists of Cys-Cys-His/Cys/Asp-Cys/His/Glu and the
C terminal Zn>" 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 Zn?*, followed by the N terminal

module (Kosa et al. 1994).
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R F F Fig. 2. Two Zn>" finger structure of LIM
D L T Y domains. The sequence of LIM3 of Enigma
G E K S (Wu and GiLL 1994) is presented in the tra-
A A G K ditional double Zn** finger arrangement
D L E K
| G L D
K F N R
F S | P
D w Q L
C H C C
e\, b N, K
AT A NS
T K Cy C, FV Cs Hg A F S

The NMR structures of LIM2 of CRP and CRIP are similar and show that the
N terminal and C terminal Zn>" binding modules are packed together via a hy-
drophobic interface (PEREZ-ALVARADO et al. 1996). Both structures contain four
antiparallel B sheets (Fig. 3A). Two of the four B sheets (Bl and B3) contain a
rubredoxin-type turn characteristic of the metal chelating domains of iron-binding
rubredoxins (BLAKE et al. 1994). The first B sheet is followed by a turn that leads to
the second B sheet oriented nearly perpendicular to the first. A short helical turn
leads to the C terminal module that also contains two antiparallel B sheets. The
third P sheet is followed by a turn that leads to the fourth antiparallel p sheet. Both
LIM2 of CRP and CRIP contain C terminal a-helices but these have different
orientations. The N and C terminal Zn*>* binding modules of the two proteins are
similar but differ in orientation relative to the N terminal Zn>" 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 GATA-1 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 Zn>*
coordination modules at the two ends of the domain and B shows conserved residues that make up the
hydrophobic core. Residue numbers correspond to those in CRP
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Fig. 4A, B. Space filling (A) and electrostatic (B) models of LIM2 of CRP. The data of PEREZ-ALVARADO
et al. (1994) (PDB accession: 1CTL) 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; KoHpa et al. 1993; LEE et al. 1996), WW
(MAcias et al. 1996) and PDZ (DovyLE 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-1 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 a-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 N and 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 LIM1 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 (BROwWN 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 (ARBER et al. 1994). Overex-
pression of MLP enhanced and anti-sense expression decreased myogenic differ-
entiation of C2 myoblasts. 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 (ARBER and CARONI 1996). Using single LIM domains
and various chimeras, ARBER 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 LMOI, a nuclear LIM-only protein, could provide the coop-
erative function exhibited by LIM1 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), ARBER and CARoONI (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 peptides containing the Gly-Pro-Leu-Tyr en-
docytic code of InsR adopt a tight turn conformation, a structure disrupted by
mutations that prevent endocytosis of InsR (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 (DuURICK et al.
1996). LIM1 of Enigma and a variety of LIM domains from the A, B and 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 a-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 (Kurobpa et al. 1996), ril (Kigss et al. 1995) and CLP
36 (WANG et al. 1995).

Using protein kinase C (PKC) in a two-hybrid screen, Kuropa 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
RoOBERTSON 1995). Chromosomal deletions involving LIM 1 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 LMO1 and 2 (Rbtn 1 and Rbtn 2) are reported
to bind to the transcription factors Tall and GATA-1. 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 LMO2 (WARREN et al. 1994),
Tall/Scll (SHivDAsANI et al. 1995; RoB et al. 1995a; PORCHER et al. 1996),
GATA-1 (PeEVNY et al. 1991) and GATA-2 (Tsal et al. 1994) each block erythroid
development suggested that interactions among these proteins were likely. Co-
immunoprecipitation of Tall and LMO2 from MEL and HEL cells provided
support for this idea (WADMAN et al. 1994; VALGE-ARCHER et al. 1994). Functional
interactions were deduced from mammalian two hybrid analyses which showed
transcriptional enhancement dependent on fusion proteins containing Tall and
LMO?2. The interaction was specific to the subset of basic helix-loop-helix (bHLH)
proteins of the Tall family (Tall, Tal2, LYLI) and was not observed with other
bHLH proteins such as E47, 1d1, Max, Myc and MyoD. The two hybrid interac-
tion required the bHLH region of Tall. Moreover, there was specificity for the LIM
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domains of LMO1 and 2 as CRP, CRIP and the LIM domains of Zyxin did not
interact with Tall. LMO2 was also shown to co-immunoprecipitate with GATA-1
(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 VP16-GATA-1
(which do not directly interact) were augmented by coexpression of Tall and
LMO2. A tetrameric complex was proposed in which LMO2, which does not bind
DNA, provided a bridge between the HLH heterodimeric E47/Tall complex and
the Zn>* finger containing GATA-1 (Osapa et al. 1995). Higher order complexes
were not directly demonstrated however, nor were synergistic interactions between
LMO?2 and Tall shown using endogenous promoters.

Nuclear LIM interactor (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; AGuLNIcKk et al.
1996). The structure of NLI is highly conserved between Xenopus and mouse, and a
second family member has been identified (AGuLNIcK et al. 1996). NLI binds to
only one of the two LIM domains of Isll, Lmxl, and LMO2, 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;
AGULNICK 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 GiLr, 1997). NLI is coexpressed in ventral motor neuron
nuclei with the LIM homeodomain protein Isll (JurATa et al. 1996). AGULNICK
et al. (1996) observed that coinjection of NLI and Xlim-1 mRNA into Xenopus
embryos caused formation of partial secondary axes especially notable as dorsal-
ization and ectopic muscle formation. Neither Xlim-1 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, LMO2, and
LMO3. 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 play a 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-1, Rbtnl) was first described as a gene disrupted by
a t(11;14)(p15;q11) T-cell translocation event involving the TCRS locus in
RPMI8402 cells derived from a patient with T cell acute lymphoblastic leukemia
(T-ALL) (BoeHuM 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 RPMIg402
(McGUIRE et al. 1989, 1991; Boeum et al. 1990a). The LMO1 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 (BoeuM et al. 1990a). The cysteine-rich regions of LMOI
were subsequently identified as LIM domains (BoEHM et al. 1990b; RABBITTS and
BoenM 1990), and murine and Drosophila LMOI homologues were isolated and
found to be highly conserved (BoeuM et al. 1990a, b; ZHu et al. 1995).

More detailed analysis of LMOI 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 E10
embryos (GREENBERG et al. 1990). In later stages of development (E15-16), LMO1
mRNA was seen in the neocortex, diencephalon, mesencephalon, cerebellum,
myelencephalon and the spinal cord (GREENBERG et al. 1990; BoEuM 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 la generating most of the expression from
E12-E1S5, and promoter 1 primarily directing expression after E15 (BoEHM et al.
1991b).

The second LMO family member, LMO2 (Ttg-2, Rbtn2), was isolated by two
different groups using low stringency screening with LM O (BoeuM et al. 1991a)
and by the cloning of the separate, but linked, 11p13 breakpoint region in T-ALL,
which is also involved in translocations with the TCR& gene (RoYER-POKORA et al.
1991). LMO2 is 50% identical to LMOI, with the highest homology in the LIM
domains and intervening linker region (BoeHM et al. 1991a; RoYEr-POKORA et al.
1991). In contrast to LMO1, whose expression is primarily confined to the nervous
system, LM O2 expression is widespread although similarly low in the thymus and T
cells (BoeuM et al. 1991a; RoYER-POKORA et al. 1991). LMO2 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 LMO2 detected in the thymus were attributed to the medullary
epithelial cells, not to T cells (NEALE et al. 1995a).

Like LMOI, the LMO2 gene was found to utilize two alternate promoters to
generate messages of different length. The most distal promoter was shown to
contain two GATA-1 sites, suggesting erythroid-specific expression from the up-
stream promoter (ROYER-POKORA et al. 1995). The 11p13 breakpoint, which dis-
rupts the chromosome 5" to LMO2 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 11pl5 breakpoint
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involving LMOI, suggesting that LMO2 may play a more common role in the
pathogenesis of this childhood leukemia (BoenM et al. 1991a).

The importance of the erythroid specific expression of LMO2 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 E10.5 presumably due to the failure of red
blood cell development. In support of a requirement for LMO2 in erythropoiesis,
LMO?2 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, LMO3 (formerly Rbtn3),
was also identified by homology to LMO1 (BoenuM et al. 1991a; Foroni et al. 1992).
LMO3 is more closely related to LMOI1 than to LMO2, with 89% identity between
LMOI1 and LMO3 (Foroni et al. 1992). Expression of LMO3 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, LM O3 does not map to chromosome 11 and thus far has not
been identified in leukemia related translocation events.

Transgenic mice targeting expression of LMO1 and LMO2 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. LMO1 expression from the lym-
phoid specific lck promoter or TCRf 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 LMO1 to the endocrine pancreas using an insulin promoter
construct resulted in no insulinomas, indicating that misexpression in the thymus
represents a specific case of LMOI-induced oncogenesis (FiscH et al. 1992).

Targeted expression of LMO2 to T cells using either the CD2 promoter and
enhancer (FiscH et al. 1992), or a thyl.1 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) (LARsSON 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/CDS8 immunophenotypes were represented in tumors (LARSON et al. 1994).
The latency period of LMO?2 induced leukemia was approximately 10 months,
similar to that for LMOI, again suggesting the requirement for additional muta-
tional events (LARSON et al. 1994). As with LMOI, the incidence of tumorigenesis
but not the latency period was correlated to the amount of transgene expression in
T cells (LARsON et al. 1994). Widespread overexpression of LMO2 using the
inducible metallothionein-1 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 LMO2 misexpression (NEALE et al. 1995b). Similar to the case with LMO1,
this suggests that only T cells provide a microenvironment which can be perturbed
to oncogenesis by LMO2 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 LMO2 misexpression are qualitatively different.

One of the additional mutational requirements for LMO2 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 LMO2 and Tall (WADMAN
et al. 1994). Like LMO2, Tall is normally expressed in erythroid cells and is
required for erythropoiesis (SHIVDASANI et al. 1995; PorcHER et al. 1996), and
LMO?2 and Tall can be immunoprecipitated as a complex from erythroid cells,
suggesting that they function together in directing erythroid differentiation
(WaDMAN et al. 1994; VALGE-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 Tal/l and LMO?2 using the CD2 promoter de-
creased the latency period of leukemogenesis from 10 months for LMO?2 alone, to
7 months for LMO2/Tall (LArsoN et al. 1996). The tumor phenotypes generated
by LMO2/Tall were generally CD4 CD8", rather than the mixed phenotypes
observed for LMO?2 alone, or CD4"CD8" for LMOI alone, indicating that the
presence of Tall affects the developmental fate or origin of tumors. LMO2 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 LMO2 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-11, Isll, and mec-3, from the vastly divergent species of C. elegans
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(mec-3 and lin-11) and rat (Is/l), 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-11 gene was isolated by the mapping of a transposon insertion in a /in-11
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 1). 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 /in-11 gene and conceptual translation of /in-11 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-11 are more closely related to the LIM domains of the rat Isll than
to the C. elegans LIM protein mec-3, although the homeodomains of lin-11 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-11). Comparison of the
homeodomain sequences of the LIM proteins lin-11, Isl1, 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-11, 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 /in-1/ 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 Is/l, 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-1, 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-1 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-I was observed at the tadpole
stage. Activin A, a dorsal mesoderm inducer, as well as retinoic acid, activated
Xlim-1 expression, and these agents synergized with one another in the induction of
Xlim-1. High levels of Xlim-1 expression were localized in the prechordal plate and
notochord, disappearing from the notochord during neural tube formation, at
which time X/im-1 is expressed in the lateral regions of the neural tube itself (TAIRA
et al. 1994a). At later stages, Xlim-1 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-1 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. 1994b). Interestingly,
explant experiments showed that mutant X/im-1 injection could induce neuronal
markers in adjacent, uninjected cells, suggesting a non-cell autonomous function
for Xl/im-1. 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 X/im-1 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-1 and goosecoid resulted in the synergistic formation of secondary axes, often
resulting in two ectopic notochords. In these studies, wild-type X/im-I RNA only
slightly activated muscle specific genes in the ventral mesoderm, and had no neu-
ronal differentiation activity. The TGFp family member nodal, whose expression is
restricted to the node of gastrulating mouse embryos (ZHou et al. 1993), may be
upstream of Lim I activation. In zebrafish, nodal coordinately upregulates Liml
and goosecoid and similarly induces ectopic secondary axes when misexpressed
(Toyama et al. 1995a).

Lhx1, the murine homologue of X/im-1, was found to be virtually identical in
the LIM domains and homeodomain to its amphibian counterpart (BARNES et al.
1994; Fuiii et al. 1994). As in Xenopus, Lhx1 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; Fuin et al.
1994). In the adult, Lhx! expression is maintained in the cerebellum, medulla, and
the kidney. Thus, early gastrula expression of X/im-1 and Lhx]! 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 /in-11, 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 Lhx/ 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 E10, 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
HNF3p were absent. Posterior to the hindbrain, development appeared to proceed
normally, except for the absence of kidneys and gonads noted in the rare —/— 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 LAx2 in the
pathogenesis of this disease (Wu et al. 1994). Of interest, Lhx2 maps to human
chromosome 9q34.1 with c-4b/, 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 upregulated gene ex-
pression.

Identification of Xlim-3 using the same PCR based screen that isolated X/im-1
(TAIRA et al. 1992) revealed yet another LIM homeobox gene with high levels of
specific expression in the embryonic nervous system. Highest levels of X/im-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 X/im-3 in the differentiation and maintenance of neuroendo-
crine and neuronal tissues.

The murine homologue of X/im-3 was shown to have an embryonic expression
pattern very similar to that described for X/im-3 (SEIDAH et al. 1994; BAcH et al.
1995; Zuabanov et al. 1995). Expression of Lhx3 in Rathke’s pouch (E9.5), the
primordium of the pituitary, preceded pituitary morphogenesis and the early
marker a-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-1) 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 (L1 et al. 1994). However, in contrast to Lhx3, no expression was
evident in the retina or Rathke’s pouch, but like many other LhAx 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 Lhix4 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.

Lhx5 is the homologue of X/im-2 isolated in the screen that identified X/im-1
and Xlim-3 (TAIrRA et al. 1992), but was first described in zebrafish as Lim5
(Toyama et al. 1995b). Lim5 was found to be most similar to Xlim-1/Lhx1 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 Xlim-1/Lhx1, Lim5 expression is localized in the ectoderm rather
than the endoderm and mesoderm of the gastrula, but like Xl/im-1/Lhx] shows
restriction of expression within the central nervous system later in development.
During neurulation, Lim5 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 X/im-1, which is upregulated in the
presence of high levels of activin, X/im-5 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, LmxI appears to also play a role in dorsal-ventral patterning of the limb
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bud (RipDLE et al. 1995). Lmx1 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 Lmx/ in the underlying mesoderm. The causality of the LmxI
induction was determined by infecting the ventral ectoderm of a chick limb bud
with a retrovirus containing Wnt7a, which induced ectopic LmxI expression in the
ventral mesoderm. Retroviral infection with LmxI 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
LmxI 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 Lmx/ infection, ec-
topic expression of sonic hedgehog (shh) was seen just proximal to the border of
tissue expansion. The authors also noted Lmx/ 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 LmxI 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), Is/] 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, Is// is found in many different endocrine and
neuronal tissues. High levels of Is/] are expressed in the anterior and intermediate
lobes of the pituitary, in calcitonin producing thyroid cells, and in adrenomedullary
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, Is//
expression continues through adult stages, implying a role in maintenance of dif-
ferentiated phenotypes.

The involvement of Is/] in motor neuron differentiation has been the most
widely studied aspect of this gene in development. In chick embryos, Isll precedes
expression of SC1, an immunoglobulin-like surface molecule which was the earliest
known marker of motor differentiation prior to the characterization of Isll
(EricsoN et al. 1992). Isl1 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 of Isll and SC1
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 Isl1 */SC1* 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 Is/] 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 SC1*
indicating a normal motor neuron phenotype for these cells. In this region,
Isl17/SC17/FP1" floor plate cells were also induced. In the diencephalon and tel-
encephalon explants, SC1 was not induced (these cells are normally not motor
neurons), but Isl1 * cells were also Nkx-2.17, identifying them as forebrain neurons
in agreement with their origin. Coexpression of Lhx1 in the ventral diencephalic
neurons suggested that Lhx1 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 Is// gene in mice illustrated its requirement
for motor neuron differentiation and surprisingly, for the differentiation of ventral
interneurons which do not normally express Is// (PFAFF et al. 1996). Is/] deficient
embryos arrested in development around E9.5 and died by E11.5, 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 Is// —/— 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 Is//* motor neurons, also did not form in Is// mutant embryos,
indicating a motor neuron dependent step in interneuron development. Embryos
deficient in Is/] expression also lacked pancreatic endocrine islet cells as well as
dorsal exocrine tissues of the pancreas, which apparently resulted from the failure
of early Is/I 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, Isl2, Lhx1, 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 Isll, Isl2, 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 Isll and Isl2. The medial subdivision
of the lateral motor column neurons which project to ventrally derived limb
muscles express Isll and Isl2, while the lateral subdivision of the lateral motor
column which innervate the dorsally derived limb muscles selectively express Isl2
and LhxI. Finally, the column of Terni sympathetic neurons express only Isll,
suggesting that expression of Isll in the absence of Isl2 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
(McGinnNis and KRUMLAUF 1992; KRUMLAUF 1994). Notable exceptions are Lhx1
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 Isl1.
Similarly, pancreatic islet cells express Is// and LmxI, and the thymus and retina
coexpress Lhx2 and Is/l. 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-11, Isl] 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 MitcHeELL and TiaN 1989): Isll was found to contain a
glutamine-rich region (KARLsSON et al. 1990), lin-11 a proline-rich region (FREYD
et al. 1990), and mec-3 an acidic domain (WAY and CHALFIE 1988). Indeed the
acidic domain of mec-3 functioned as an activation domain when fused to the Gal4-
DNA binding domain (LicHTSTEINER and T3AN 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 (VALGE-ARCHER
et al. 1994; WabmaN et al. 1994) and GATA-1 (Osapa et al. 1995), suggests a
similar role for the LIM-only proteins in transcription. In contrast to the LIM
homeodomain proteins, however, LMOI 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, LMOI
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-1
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 Isll 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 Isll (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 B 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 Lmx1 with much higher affinity than Isll
(GERMAN et al. 1992a). Reporter gene assays showed only modest activation of
expression from the minienhancer by transfected Lmx1 in a non-insulin producing
hamster fibroblast cell line. However, co-transfection of E12 or E47 with Lmx1
resulted in a 100-fold synergistic response which was dependent on the presence of
LIM1 of Lmx1 and was not seen when the LIM domains of Isl1 were substituted for
those of Lmx1.

While it is unlikely that Isll 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 Isl1 (LEONARD et al. 1992). In addition to the upstream element Isl1
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
Isll 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
Isll 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-1/STF-1 rather than a LIM homeodomain protein (LEONARD et al. 1993;
MILLER et al. 1994). Interestingly, IDX1/STF-1 also binds to the rat insulin | FLAT
element (MILLER et al. 1994).

More direct evidence for Isll mediated transcription comes from studies in-
volving the proglucagon proximal promoter (Table 2). This gene encodes the
precursor polypeptide for glucagon (Moisov et al. 1986), which is secreted from
pancreatic islet o 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 Gec, each of which bound Isll with higher
affinity than the rat insulin I minienhancer in electrophoretic mobility shift assays
(EMSAs) (WANG and DRuckEir 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 InR1-G9 cells were supershifted
with anti-Isll antisera. Additionally, transcriptional activation of reporter genes
mediated by the Gb and Gc elements in InR1-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 Lmx1 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 a-glycoprotein subunit (a-GSU)
gene was shown to bind Lhx2 (ROBERSON et al. 1994). The a-GSU gene is expressed
early in pituitary development (~E9), and encodes the common a-subunit shared
by the pituitary glycoprotein hormones (P1ERCE 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 CTAATTA 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 a-GSU promoter in a gonadotrope cell line. Co-
transfected Lhx2 activated transcription from the a-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 a-GSU promoter in CV-1 cells (BAcH et al. 1995).
In these studies, Lhx3 acted synergistically with the pituitary specific POU
homeodomain protein Pit-1 in activation of transcription from the Pit-1, thyroid
stimulating hormone-f and prolactin promoters, but not the a-GSU promoter. The
LIM domains of Lhx3 were required to achieve the synergistic effect. Interestingly,
Pit-1 and Lhx3 were shown to interact in vitro, through either LIM domain of Lhx3
and the POU domain of Pit-1, 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-1 gene, therefore, appears to involve a
positive feedback loop in which initial low levels of the Pit-1 gene product may
synergize with Lhx3 to direct much higher levels of expression from the Pit-1
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 (WAyY and CHALFIE 1989). Unc-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-1 and Lhx-3 relationship with the Pit-1 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 T1iAN 1995). Like Lhx3 and Pit-1, mec-3 and unc-86 were
shown to bind each other in vitro, although in this case, the LIM domains of mec-3
were not required for the interaction which occurred through the POU domain of
unc-86 (XUE et al. 1993; LIcHTSTEINER and Tnan 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 TiAN 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 TiaN 1995; VALLEJO et al. 1992b). The most notable examples
are the Lmx1/E47 synergism which increases transcription from the rat insulin I
promoter at least 100-fold over Lmx1 or E47 alone (GERMAN et al. 1992a) and the
Lhx3/Pit-1 synergy on the Pit-1 promoter in which transcription is activated greater
than 100-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-1 or Tall as may be the case for LMOI1 and 2) to obtain maximal levels of
transcriptional activation. These cofactors may (BAcH et al. 1995; XuUE et al. 1993;
LicHTSTEINER and TnaN 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;
LicuTsTEINER and TiAN 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 B-tubulin used specifically by touch receptor neuron microtubules,
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 Isll, Lmxl,
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, LMO2 may
regulate erythroid differentiation factors such as Tall and GATAI 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 GATA-1 zinc fingers, it has been suggested that LIM domains might
be capable of binding DNA (L1 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; XuUE 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 Lmx1 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 TAAT, as well as transcription from a multimerized
TAAT 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 a-GSU, TSH-B, 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-1 (the homologue of murine Lhxl1) in
Xenopus laevis. Injection of Xlim-1 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-1 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 (POU;) domain in POU
homeodomain proteins. The POUg 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 POU, domain has also been shown to be involved in
protein-protein interactions, allowing dimerization of Pit-1 on 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 TAAT containing elements with low affinity,
and relatively unrelated homeodomain proteins are capable of binding to the same
site in vitro (Hoey and LeEvINE 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, Isll, Lmxl, and the non-LIM
homeodomain proteins Idx-1/STF-1 and HNF-1a, 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 a-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 (Lhx1 and Lhx5, Lhx3 and Lhx4, and Isll and Isl2) 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 N and C terminal Zn>" 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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1 Introduction

The WW domain, also known as WWP, or rsp5 domain, is a ~40 amino acid
module which was identified in late 1994 by three different groups (Bork and
SupoL 1994; ANDRE and SPRINGAEL 1994; HorMANN 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. 1). The most noted
examples of WW-containing proteins are Nedd4 (neuronal precursor cell expressed
developmentally downregulated) and its yeast homologues rspS and publ, YAP
(yes associated protein), dystrophin, FE6S, essl/dodo/pinl, CD45AP (CD45
associated protein), formin binding proteins (FBPs), and several other less well

The Hospital for Sick Children, and Biochemistry Department, University of Toronto, 555 University
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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 DP71) represents a portion of the domain containing only the second
conserved Trp. The C2 domain, known to mediate Ca®*-dependent association with phospholipids/
membranes, is found in Nedd4/rsp5/Publ and also in PKC, PLA,, PLCy, rasGAP, synaptotagmin I and
other protein. The HECT domain in Nedd4/rsp5 and 56G7 is a ubiquitin protein ligase (E3) enzyme
present also in E6-AP, the yeast yk1162, rat p100 and UreB1; 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-1, rasGAP and Btk; BCR
(breakpoint cluster region) homology domain, also shared by p85 of PI-3 kinase, rhoGAP and n-chi-
merin; PTB (phosphotyrosine binding) or PID (phosphotyrosine interacting) domains, recently suggested
to be a subclass of PH domains, are also present in Shc, numb, X11 and IRS-1; 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 Yo61 and Ykb2, has no known function. Sizes of domains
and proteins are not to scale. (Reproduced and modified with permission from Staus and RomiN
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 (SupoL 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 LxxGWtxGtx(Y/F)(Y/F)h(N/D)Hx(T/
SHUT(T/S) 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 (SupoL et al. 1995). This analysis suggests a hierarchy of relatedness in
which Nedd4/rsp5 and YAP WW domains are very closely related, and both more
distantly related to dystrophin WW domain (SupoL 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 WBP1 or ENaC (CHEN and SupoL
1995; Rotin, unpublished) (see below); Specific amino acid substitutions within the
first half of the Nedd4 WW(II) domain, generated to mimic the dystrophin WW
domain sequence, indeed abrogate binding to this peptide (D. Rotin, unpublished).
Further distant from the Nedd4/rsp5-YAP and dystrophin WW domains (in in-
creasing evolutionary distance) are the essl/dodo/pinl, msbl and FE65 WW do-
mains. A more comprehensive phylogenetic analysis of the various WW domains is
detailed elsewhere (SupoL 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) 1 and 2, each
containing short proline-rich repeats which also include a tyrosine (PPPPY) (CHEN
and SupoL 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 (afyENaC) contains a
single, C-terminal located PY motif (PPPAY, PPPNY, PPP(R/K)Y, for afyENaC,
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



D. Rotin

118

I
oLoevn
969224
orrsen
501892
098610
9€69¥vd
LE6OVd
8E69Vd
8€69bd
S6L29N
S6L29N
S6L290N
ove6€d
oveeed
ove6€ed
pE69Fd
vE69vd
pE69Pd
peE69bd
SE69Fd
S€69bd
5e€69bd
Z2p8osn
Zpsosn
2p80sn

# UTOTSSIdOOVY

9dSIMIAIAMOLOYEL" =" """ " ° IAHXXXIMO " HdAQIVIMMNIdTAL 6v2

OSSSNOSTIEIMOSYNL " " """ " ° * THNAXXAYD * SYSWIDIMOd dTIFY |4
OM@INLOFAIIMOSHIIL " * "~ ° ° *CCHANJIXTDDISHSATIVIMALATOLS 6¢
WDIYdILIOAMOSTML" ~ " * © ° ° * ZWNTXXSWOLSYS L IMOad 10TV 14
OJOOMTIAAAMLIINS * ° * © * * * " NHOIIXIAD * ASAXDWIMODING IO L1Z
SIDdSSSTITAMLIANL " © " * * ° * LLNAXXYYD " OdSTXASHMOIdTIAL 12
OSTWIEdadMLILIOd" * © ° ° ** " THNTAXY0D " SdIMIYWIMOddTdAd 89T
OSTNDIIdAOMILIOA" * " " " ° ITHNTIXE0D * SSIMYWIMOVATAAd oLT
YAIdATIGATMSIIMN® = " " ° ° ° MHNIXXATO " ADINYOIAMOAdTdDS | A%
OSTWDIEIAAOMILIIOQ " * ° * * * © " NHNTAXIOD * SSINVWIMOVITINAG SST
ATSSATIAAAMLLINL " ° © * * ° * "NHAAZXALY " INLTIWNIMOSJTdOT 144>
YIXO0YHAAAMLLIAL " * © ° ° ° ° *NHAAIXJYO * I LAY0IMOIITIDS 882
OUASSINGIIMLLSYEL """ """ NHAAXXLYO “ INALIIAMOIdTIOX 502
AT1SSdTIAAAMLLIML " """ ° " ° * NHAAIXANYY * INLTIWIMOSdTdOT 98¢
YIXOOHIAAAMILIEL " * ° ° * ° * "NHAAIXYYD "I LIH0IMOSITIOT (k%>
VALOQTIADIMILIEL " """~ * NHAAXXLYD " AINALIYIMOAdTIDX 82¢
IVANITIGqIMOIEII " * """ " ° NHNIXIIYO "ALHLYIIMOIJTIOT 66b
HYAdINTIAAIMIIIML * ° ° * ° ° *NHAIZIJIID " NIYHIAIMONITIO0 LY
IAIVOALDIIMILIES * ° ° * ° * * "NHAAXXSYD “dHAONIEIMOJITOSS bLE
LINQOALEIDIMOLEES " = " " ° IHNAXXIYO ' TIQ0YIAMOIdTdSd L12
IVANOTEAQEMOIODII " * ° © ° ° © " NHNIZIAYD "dAILHLITIMOIdTIOT 0S2
YdAAOWIDISMLLIMS """ """ ° ° NHAAXXSYD “dAa0OMdIMOIdTOSS S6Tl
110aadsaPiMOLyds - = -t 1 FHNAXXLYD * TAQOYETAMDIATdSd 6€
IVANOWEAQAMOIXDII ® * © * ° © * "NHNIZIAYD "dIHLIIIMOddTdOT 14524
ddaQAONIDISMLLIMS " " " " ° * *NHAAXXSYD " 4aq0MIIMOIdTOSS LOP
ITdqddsaIMOLIEds "~ - " 7 FHNAXXLYD * TAQOYHIIMOddTdSd [514
suTewmop MM Jo soousnbesg uoT3Tsod

ueumy/ TqsKn
ueumy/iutd
SeTSTA®I®8D S/ 1Ssd
eTtydosoxp/opod
suebaTa D/b " 9ICTd
9snNoW/YNJWE FS€E ° T2
uaxoTyo/dex
ueumy/dex
Z-9snow/dex
1-9snou/dex
g-aquod - s/1qnd
Z-aquod-s/19qnd
1-aquod - s/1qnd

g-aeTIsTAdI9D 'S5/ 6dsy
Z-9eTsTIAdI8D s/ qdsy
I-9eTsTA3I9D S/ gdsy

p-ueumy/ yppaN
€ -ueumy/ ypPpPaN
Z-ueumy/ pppaN
T-ueumy/ ypPpPaN
g-asnow/ pppaN
Z-9snou/pppaN
T-9snou/pppaN

€-3eI/pPPaN

Z-1eI/ppPPeN

1-3®1/pPPaN

so9toads/urtejoxg



119

WW (WWP) Domains: From Structure to Function

(9661 NLLOY pue gnvig wolj uoisstuirad yim
paonpoidal pue payIpojA) ‘IUSWUSI[e 3Y) Ul PIPNIOUT 10U 3IB ‘(UIBWOP M A UO dABY APEAI[E 0M) 19118] Y1) 70'SIE [DVIS PUB LO9S 9891 T A ‘019 Ul 3S0Y) SE yons
‘(4 &) anprsax orqoydoipAy Jsyjoue Aq paoe[dal st di], puodas ay) YoIrym Ul SUTBTOP  IYI[- A\ M, [BISASS "9ATISIEX JOU ST UMOYS SUTBWOP M A JO ISI[ 94 ], "douanbas poe
ourwe pajefprun ue Judsardar (1L ut) saysop ‘ASojowoy sziuixew o) paonpoiur sadeds juasardar szoq ‘sanpisax (ay1] uiny) pagreyd 1o xejod 7 o1qoydoIpAy ‘y is.4a113]
[pi1dpo Ul 318 90USNDAS SNSUISUOD Y] UI SINPISAI PIAIISUOD i$.42719] p]OG UL I SINPISAI JUBLIBAU] "SUI}0Id JUSISPIP WOILJ SUTBWOP MM JO Juswusdije ouanbag 7 814

S S a a4 A

3  3d3 MILI3L HNUZXX 35 333 dMO14d7T :snsuasuo)
osLovn dTIMIAINL " " """ " ° OINMXXXDOL " NIAMAIOM é asnow/0gddd
6vLOPN DIIMLSETL " """ " ° ANNAZXXINO *AYIMXATIM é asnour/gzddd
shLOVN DIIMYSIIL" """ ° AYNXXAND " Ad IMINIAM é osnow/gzddd
9rLObN DIAMISIOL " """ """ HINXAXXLXD "qQISTOIAM é Z-snow/1z49d
9bLObN DIAMOSYOL " """ " " ITAXXXDOHO "AYIADIAM é T-ssnow/1z2d94d
LyLOPN DIYMISEL """ ° OSNXXXAMO " SASMXDIM é Z-ssnow/1149d
LvLOPN DIIMLSOML " " """ " " HAINXXXLYED " AdSHHIIM é T-9snow/11d49d
LS66VY TMIOYASYMTTIILHOMTYYOTIVAHXXOOS “YHST " dOMY' IV IV L 1237 ssnour/d¥syadn
Z1PSSY TMIDdASYMTTIId LAOMTYYOTIYAHXXOOS "QIST " ddMY' IV IO L 1237 ueumy/dvsyad
589600 ATAASIATAdEIMASHHS " " *°° ° ° ° MINHIAXIN * MM LIANAMSANNG Id 68 aquod-*s/zZ0 " SDETIVAS
€6L9V2 HNNNTLADIIMALINL " * " ° " ° * AHNAXDI I “ MYATXIDIMHSAdd L0 822 suebatle /199§
656V€Ad FOAITDIDIIAMINIOL " """ ° ISNIXXMNYSO * AdYNIINMYAAINO [ suebaTa°D/TT25T0M
bPvzein JINDTIINGHAMTISEIL " """ °° MANLADI DI I ITHMMYDIMAdd SANT L 86T suebaTa°d/ST°8HZIM2Z
28s€evd ddMIIOYAdIMOSSNL " """ " " ° ° STAAXXMIOATIAAIADIMOSIADAd 8 9eTSTASISD"S/IXIX
009bed SdASWIOAdIMOIIIL " " """ " ” TINXXXAND - AASWIDIMOO0040 €21 Z-suebara-D/190X
009v€Ed TdITIAADIIMSIONL " """ """ ° AINHXXJ LSO "MINILHASMASIASAS LL 1-suebata°D/T190X
6280PN NSOMITNEDAIMISONL" """~ ° .ZMZMNNM&U.deMﬁmOEEOMZ T SBTISTA®I®D°S/T1Z°6696d
I¥69vd YdIdIJdddIMOSMOL" " """ """ DINJIILED " ADLIXTIMONTIATA S6 suebaa° /5" aA8ED
6€69bFd ATAIWIGHAMOLLIOL " =~ """ " OHNIXXAAM "NHSISYOMJTIOASIS 118¢ ueumy/utydoxan
SGZShY OXTdIWIAHAMOLIOL" """ " " ° ‘gH------- 8 ueumy/1,dd
ZESTId OXTIIWIGHAMOILOL " =" """~ IHNIXXdAM "NdSIVIIMID0OASIS A3 ueumy/utydoa3sig
€0zeed IADITAVAIIMSLIIL " """ ° ° LANXXXAND * QCIMNYDIMONTY T T T 8€ Z-9BTISTARISID " S/ZAYX
£€0czeed FOSITMIDIAMLSIDIL® © * ° ° ° ° " TINAXXIYD " SYOIYDIMISKH T T-3BTISTA3I3D " S/ZaXX
89%09X 0SdSYIOddIMOLIOL" * ° * " © * "dIHMXX " 19" SILAOAYWMOYJTASd 11 3ex/g9sd
0SL892 MOddTEIAAAMLLIOL " """ " " ° " NHAIJXIAS "NILAYIIMNAdTITOHE 0€T sueba1a° /1 °9YTOM

ok962a NOAANAAZIAMODIADL " " "~ ° ° "HTINHXXZXD " DIAMHMAMM SNNAOA 6L9 ueuny/ 1440



120 D. Rotin

and SupoL (1995) and our own work (STAUB et al. 1996) has indicated that the PY
motifs in WBP1, BENaC 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 a-spectrin. An exception to this observation has been reported: a proline-rich
sequence devoid of tyrosines 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 SuboL 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 al. 1996), several groups of proteins, including
viral GAG proteins (e.g., RSV, FMLV, HTLV-1, 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 SuboL
1996). A conserved sequence which includes a PY motif (Table 1) has been also
identified in the MAD, MADR1 and MADR?2 (but not DPC4 or sma2) proteins
(EppERT et al. 1996; Liu et al. 1996), which are downstream targets of TGFp or
BMP?2 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 prospero (KRAUT and ORTEGA 1996; KRAUT et al.
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 al., 1996). Subsequent expression screens with the WW do-
main-containing FBP11 (see Fig.2) led to the isolation of 8 proline-rich ligands
(WBP3-WBP10), each containing the sequence PPLP which was necessary to
mediate binding (Bradford et al., 1997). FBP11 did not bind the PY motif of
WBPI, 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.
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Table 1. Example of PY (xPPxY) motifs

Protein Sequence

EnaC

ar/hENaC LTAPPPAYAT

Br/hENaC PGTPPPNYDS

yrENaC PGTPPPRYNT

YhENaC PGTPPPKYNT

WBP

WBPI PGTPPPPYTV

WBP2 VQPPPPPYPG
SQPPPPPYYP

Gag

RSV ASAPPPPYVG

HTLV1 DPQIPPPYVE

AEV MARDPPRYLV

IL-R

h/cIL-2Ry PYWAPPCYTL

mIL-6R TSPPPPPYSL

rIL-7R DRNRPPVYQD

Kinases

hMAPKAP2 LCGYPPFYSN

hCAMKI LCGYPPFYDE

MAD

dMAD AGTPPPAYSP

hMADRI ADTPPPAYLP

hMADR2 TPPPGYIS

Inscuteable

Repeatl APPPPPPYNN

Repeat2 LGEAPPPYNN

¢, 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 GTPP,PsPY;TVoG from WBPI, 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 B sheet, with two turns flanking the B strands (Fig. 3A, B). The N and 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 W17 (Fig. 3B). A flat binding surface is formed by the
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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 NOE:s 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 P4 and Ps (peptide
residues are bold) with W39, Y, with L.30 and H32 (and possibly Q35), and Vo with
H32 (Fig. 3C). Based on these interactions, it has been predicted that replacing Y-
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 WBP1 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
(PPlase) Pinl at 1.35A was determined by X-ray crystallography by J. Noel and
colleagues (RANGANATHAN et al., 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 antiparallel B-sheet. The flat 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 f2/B3 loop (128, T29 and N30), B3 strand
(S32) and P39 of the WW domain (see Fig. 3A), as well as residues in the ol and o4
helices and B3 strand of the PPIase domain, form interdomain contacts and a well
ordered interaction surface. The PPlase enzymatic activity of Pinl is mediated by a
region within the PPlase domain which is distinct from the PPlase/WW hydro-
phobic cavity. Similar to YAP (Fig. 3), the flat binding surface of the Pinl 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. Ser16 in Pinl 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), Pinl (RANGANATHAN et al. 1997) and Nedd4 WW II and
WW Il domains (Kanelis, Farrow, Rotin and Forman-Kay, unpublished) and their corresponding
backbone B strands (black boxes). The preliminary assignment of the f strands in Nedd4 WW Il and WW
IIT domains is based on Ca and CB chemical shifts. The numbers shown on top of the YAP and Pinl
sequences represent numbers corresponding to the WW domain, as depicted also in B and C. B Tertiary
structure of YAP-WW domain, showing backbone residues 17-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 YAP-WW
domain with the proline-rich peptide from WBP1. Residues showing contact to the protein (P4—Vy) 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 black) 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 Pinl has
not been identified yet. As in the YAP-WW structure, the upper part (buckle) of the
Pinl WW domain is stabilized by the hydrophobic residues P§, 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 Pinl 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 BENaC, reveals an overall topology of each
domain similar to that of the YAP-WW domain (i.e., three B 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 J. 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 al., 1996, BRADFORD et al., 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 YAP-WW domain (MAcias et al. 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 al. 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 PPLALTAPPPAYTL in arE-
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/RspS/Publ

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 Publ, is a
ubiquitin protein ligase composed of an N terminal C2/CaLB (Ca®" lipid binding)
domain (OHNoO 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). Ubig-
uitination of proteins serves to tag them for regulated degradation by proteasomes
or possibly by lysosomes (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, afy, each containing a proline-rich region at its C terminus
which also includes a PY motif (LTAPPPAYATL, PGTPPP¢NYgDSL,,,
PGTPPP(R/K)YNTL, for a, B, YENaC, respectively). Deletions or mutations
within the proline rich regions of B 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 (pseudohyperaldosteronism)
is a hereditary form of human hypertension, characterized by an early onset of
severe hypertension caused by elevated Na* absorption in the distal nephron
(LipDLE 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 g 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 afyENaC (StauB et al. 1996). Moreover, specific
mutations within the PY motif of BENaC (in Pg 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 BENaC-PY motifs (L;; above) to Ala also
causes channel hyperactivation (SNYDER et al. 1995); By analogy to YAP-WBPI
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 Vo of WBP1 (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 al., 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 f 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 NH, " 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 RspS (Npil) (Fig. 1) is required for this rapid
vacuolar degradation (HEIN et al. 1995; GALAN et al. 1996). RspS, 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 rspS 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. André, personal communications),
suggesting that the ubiquitin ligase activity of RspS5 is necessary for Gapl degra-
dation. The nature of the interactions between Rsp5 and Gapl or Fur4 is not yet
known, since unlike ENaC, these two permeases do not contain bona fide PY
motifs (JAUNIAUX and GRENSON 1990; JunD 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
RspS-permease interactions, or whether these interactions are altogether indirect,
remains to be demonstrated experimentally.

5.1.3 Publ Role in cdc25 Degradation and Cell Cycle Regulation

Recently, a gene similar to RSP5 and likely its homologue, called Publ, was
identified in S. pombe (NEFsSKY and BEacH 1996; SALEK1 et al. 1997). Publ has been
found to be involved in the ubiquitination and degradation of cdc25; Disruption of
the publ gene leads to elevated levels of cdc25 concomitantly with its reduced
ubiquitination (Nersky and BEAcH 1996). cdc25 is a tyrosine phosphatase which
dephosphorylates Tyrl5 of cdc2, thereby activating cdc2 and initiating mitosis.
Thus, publ-mediated destruction of cdc25 leads to mitotic arrest, and accordingly,
disruption of publ results in early entry into mitosis due to accumulation of cdc25
(NEerskY and BEAcH 1996). Although the simplest explanation for the publ-medi-
ated cdc25 ubiquitination is that the two proteins interact directly allowing for
direct ubiquitination of cdc25 by publ, 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 publ has additional effects related to
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membrane transport of nutrients and protons (SALEKI 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. 1). Dystrophin is located at the plasma membrane of skeletal muscles,
and it forms a complex with several extracellular (o-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 afy-sarcoglycans and the 43-kDa B-dystroglycan
(reviewed in WorTON 1995). B-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 (JUNG et al. 1995) has demonstrated that binding between dystrophin
and B-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 B-dystroglycan (KNMTPYRSPPPYVPP),
which include the above PY motif. These results suggest that interaction between
dystrophin and B-dystroglycan is mediated, at least in part, by the WW domain of
dystrophin and the second PY motif of B-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 B-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 JUuNG 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. 1, 2). This causes a deletion of the first highly conserved
tryptophan (in the putative B1 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 DP71 and B-dystroglycan may be reduced or
impaired.
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5.3 FE65

FEG65 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. 1). It was recently demonstrated that FE65 interacts with the intra-
cellular domain of the Alzheimer’s amyloid precursor protein (BAPP) (FIORE et al.
1995). BAPP (KANG et al. 1987) is a transmembrane precursor of AB amyloid, the
major constituents of the senile plaques characterizing Alzheimer’s disease. In af-
flicted individuals, AB amyloid is cleaved off BAPP and is deposited extracellularly
to form the senile plaques. The interaction between BAPP and FE65 have been
narrowed down recently to the C terminal PTB domains of FE65, which binds to
the sequence YENPTY in BAPP in a phosphotyrosine-independent manner (FiorRE
et al. 1995; BorG et al. 1996; GUENETTE et al. 1996). This sequence, which conforms
to the internalization motif NPxY, may be crucial for BAPP 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 BAPP function.

54 YAP

YAP (YAP65) is a 65-kDa proline-rich phosphoprotein (Fig. 1) 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 (SubpoL 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
WBP1 and WBP2 (CHEN and SupoL 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 WBP1, 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 WBP1?) 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/ess1/dodo

Pinl is a nuclear peptidyl-prolyl isomerase (PPIase) which also contains a WW
domain (Lu et al. 1996) (Fig. 1) and is structurally and functionally related to the
yeast Essl (HANEs et al. 1989; Hani et al. 1995) and the Drosophila dodo
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(MALESZKA et al. 1996). The ESSI gene in S. cerevisae (also known as PTFI) is an
essential gene (HANEs et al. 1989) and mutant ess/ can be rescued with the
Drosophila dodo, suggesting evolutionary conservation (MALESzkA et al. 1996).
PPlases 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 Pinl in HeLa cells leads to G2 arrest. The mitotic arrest can
be reproduced by either truncation of the PPlase-containing C terminus of Pinl, 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
Ess1-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 PPIase 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 (Osmani 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 phosphoserine or
phosphothreonine, Noel and colleagues have suggested that phosphorylated NIMA
may be a biological substrate for Pinl proline isomerization (RANGANATHAN et al.
1997). Taken together, these data suggest that Pinl catalytic activity is involved in
cell cycle regulation, and that the WW domain, together with the PPlase 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). CD4S5 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; BrRuyNs 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) (EinsonD and SuboL 1996), it is
possible that Msb1 may interact via its WW domain with MAPK AP2, and that this
interaction may contribute to the suppressive effect of Msbl.
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1 Introduction

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 (JockKuscH
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-
WobnickA 1996; HyNnes 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 REgp 1994).

Department of Microbiology, Box 441, Health Sciences Center, University of Virginia, Charlottesville,
Virginia 22908, USA
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Thus, adhesive interactions with the ECM play a 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
a-actinin, talin and focal adhesion kinase (FAK) appear to interact with the short
cytoplasmic tail of integrin receptors (OTEY et al. 1993; KNEzEvic et al. 1996;
ScHALLER and PARrsons 1995). Talin and a-actinin as well as other structural focal
adhesion proteins such as filamin, radixin, tensin, vinculin, gelsolin, profilin, VASP
and Mena bind to actin (BURRIDGE and CHRZANOWSKA-WODNICKA 1996;
Jockusch et al. 1995). Additional focal adhesion proteins including 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 CARONI 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 PKCa and & and; the tyrosine phosphatases, LAR,
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PTPI1B; and the catalytic subunit (C3) for the ubiquitous serine/threonine phos-
phatase, PP1 (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,
p130CAS and Grb2 are also found in focal adhesions and contain a number of
docking sites for additional regulatory proteins (BURRIDGE and CHRZANOWSKA-
WobNickA 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, a-actinin, talin, and tensin; talin, which binds,
integrins, actin and vinculin; and zyxin, which binds to CRP, a-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 (p130CAS, Src, Grb2
and p85PI3 K). Upon adhesion to the ECM or growth factor stimulation, a
number of focal adhesion proteins (including FAK, p130CAS, paxillin, tensin and
Src) become tyrosine phosphorylated and interact with SH2 containing proteins.
Other focal adhesion proteins contain proline rich sequences (paxillin, vinculin,
p130CAS, FAK, p85PI3 K) which serve as docking motifs for SH3-containing
proteins (Table 1). 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 1. Structural domains in focal adhesion proteins

Domain Focal adhesion protein

SH2 Src, P13K, Grb 2, tensin

PTyr Src, P13K, Grb 2, P130, paxillin
SH3 Src, P13K, Grb 2, P130, FAK
PRO P13K, P130, FAK, paxillin, zyxin
KINASE Src, FAK, PKC a, &

ABD-1 a-Actinin, filamin, tensin
ABD-2 Tensin, radixin, talin, gelsolin
ABD-3 VASP

LIM Paxillin, zyxin, CRP

FP-4 Zyxin, vinculin

EVHI VASP, Mena

GP-5 VASP, Mena

PIP2 Gelsolin, profilin, vinculin
EF-HAND a-Actinin

ERM 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 a-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 gelsolin,
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 CoopPER 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: a-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 HoRrRwiITZ
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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Fig. 1A-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 (F/), tensin (7n) and o-actinin (¢A) are
indicated by the shaded structures

Actin in stress fibers is cross-linked by dimeric a-actinin, which separates these
fibers by about 40 nm (the width of a-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; MATSUDAIRA 1991). Although the actin in focal
adhesions is tightly bundled, a-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 a-actinin bundles at the tail (at the connection to the stress-fibers; Fig 1). 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-1 or actin binding domain-1). 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 a-actinin binds
efficiently to actin with a Ky of 4 pM (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

ABD-1
1 125 250

o-Actinin 113 [LW xwﬁ:n J n 138
Filamin 127 |Lwv. NLK]{ TEH 152
Tensin 420 |L - SDPEIR SYE 443
ABD-2

h Capz 243 SVQTFADKS 270
m gelsolin 89 NECSQDESGAAAIFTVQ 116
A profilin 97 VGVYNEKIQPGTAANVVEKLE 125
c temsin 1109 SPSSLTSGGVRSPPALAKPTISz 1137
c Capz 243 SIDATPDN( DRELSQ 272
m radixin 550 GR QIRQGNTKHAI 577
m talin 2874 ARKKLAQIRQQ PSHLRDEH-COOH 2901
ABD-3

Thymosin b4 2 KPDMAEIEKFDKSKLKKT 19

Villin 805 PAAFSALPRWKQQ! 822
VASP 221 AGAPGLAAATA! 238

h, human; m, mouse; A, Acanthamoeba; C, chicken
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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 a-actinin form homodimers as a means to generate
two binding domains (MATSUDAIRA 1991). Since bundled actin exhibits the same
polarity (Fig. 1), many of the cross-linking proteins form antiparallel 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
WEEDSs 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-1 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, a-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.

a-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).
a-Actinin is a 90-100 kDa protein which forms head to tail antiparallel dimers. It
contains two major structural domains, an N-terminal ABD-1 and C-terminal
calcium binding region or EF-hand motif (Fig. 2; SCHLEICHER et al. 1988). The
central region of a-actin is composed of a series of rigid a-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 a-actinin, spectrin and
dystrophin, the number of a-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 a-actinin binding to actin, while
the muscle form is calcium insensitive (BURRIDGE and FErAMisco 1981). Since the
calcium binding domain of one a-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 a-actinin reveals
that the muscle form is alternatively spliced within the first EF-hand region,
yielding a form of a-actinin that is insensitive to calcium (PARR et al. 1992). Fi-
broblasts contain both muscle and nonmuscle a-actinin and both forms localize to
focal adhesions (WAITEs et al. 1992). The significance of calcium sensitive and
insensitive forms of a-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 of focal adhesion structural proteins. Focal adhesion proteins which provide structural
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protein are indicated by the symbols. 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 play a role in modu-
lating the extent of actin cross-linking under certain circumstances (JANMEY 1994).

PIP2 is another potential regulator of a-actinin. PIP2 co-purifies with a-actinin
and has been shown to enhance the ability of a-actinin to cross-link actin in vitro
(Fukawmt et al. 1992). Other known focal adhesion binding partners for o-actinin
include the B1 integrin cytoplasmic domain, zyxin (see LIM domains below) and
vinculin (OTEY et al. 1993; CrawrorD et al. 1992; BELKIN and KOTELIANSKY
1987).
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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 (PAvALKko et al. 1989). Filamin is a 280-kDa dimer which contains an
N-terminal ABD-1 domain (Fig. 2). The central region of filamin is composed of
tandem repeats which form a B-sheet motif. The B-sheet motif repeats are also
found in ABP-120, another actin binding protein (GorLIN et al. 1990). Like the
a-helical repeats in o-actinin, the B-sheet motifs are proposed to function as
structural spacers. However, the B-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. 1).

The C-terminal domain of filamin also functions to anchor actin filaments to
the plasma membrane. In platelets, filamin has been shown to bind to the trans-
membrane glycoprotein 1B/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 a-actinin,
calcium may play a 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 (BockHOLT 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-1 domains and a central ABD-2 domain (see below). In addition,
tensin contains a C-terminal SH2 domain (Fig. 2). Unlike a-actinin and filamin,
tensin lacks large repeated spacer domains. In vitro binding experiments indicate
that tensin binds F-actin via its N-terminal ABD-1 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 U-shaped structure al-
lowing for cross-linking and capping of two F-actin filaments (Fig. 1).

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 (Lo 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. 1; 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 nonfocal adhesion proteins ezrin, moesin, the
chicken CapZ B isoform and several myosin heavy chains contain a basic amino
acid sequence (KYKXL; 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 (Lo 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 o-actinin mediated cross-linking activity
(MuGuURUMA et al. 1995). In the absence of a-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 a-helical tail, resembling that of the elongated
cross-linking proteins a-actinin and fimbrin; however, the primary sequence does
not reveal a conserved ABD-1 domain found in other cross-linking proteins
(McLAcCHLAN 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 FAK, 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 play a 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 G1 subunit of
gelsolin in complex with actin has been solved. The structure predicts that the
ABD-2 domain forms a long (four turn) a-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 leucines 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 Gl 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 (G1-6) 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 (ScHuUTT et al. 1993).

Gelsolin has two repeat segments that bind monomeric G actin (G1 and G4)
and one domain that binds F-actin (G2) (CHAPONNIER et al. 1986; BRYAN 1988).
Both G1 and G4 contain ABD-2 consensus sites for actin binding. The F-actin
binding domain contained in G2 does not fit the ABD-1 consensus; however, it
does compete with the F-actin binding domain of a-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 G1), whereas nucleation requires the
cooperative binding of segments G1 and G4 to actin monomers. The side-binding
segment, G2, appears to target the capping domain, G1, to actin and may cause a
conformational change that primes the actin filament for G1 binding (ORLOVA et al.
1995). Interaction of G1 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 (PorE et al. 1995). However, these regions do
not contain consensus calcium binding motif, such as the EF hand present in
a-actinin. In contrast to calcium, PIP2 inhibits gelsolin-actin interactions. Two
PIP2 binding sites are localized within the C-terminal region of segment G1 and
N-terminal portion of G2 (Yu et al. 1992). PIP2 binding appears to block both G1-
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 ATP 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 ATP bound
G-actin (GoLDSCHMIDT-CLERMONT et al. 1991a). 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; GoLbscCHMIDT-CLERMONT et al.
1991b).

3.2.4 Other F-Actin Binding Proteins: VASP and Vinculin

VASP (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, VASP
does contain a KLKR motif (ABD-3; see Table 2). This sequence is identical to the
actin binding regions in thymosin B4, villin and dementin, suggesting that the actin
binding domain in VASP 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 (116-kDa polypeptide) predicts a
90-kDa acidic N-terminal a-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-1, 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 o-actinin, whereas sequences within the C-terminal
domain of vinculin mediate the binding to tensin and paxillin (GILMORE et al. 1992;
MCcGREGOR et al. 1994; WILKINS et al. 1987; Woob 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 (Woob et al. 1994). Vinculin has been shown to self-
associate through head to tail interactions, a process that blocks talin and actin
binding (JonnsoN 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;
GoLbpMAN 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-HI1 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, TsukiITA et al. 1994).

The actin capping protein radixin contains an N-terminal ERM motif
(FunAvama 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 S5-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

N-term

Radixin 63

Talin 179

C-term

L [ ]
Radixin 181 EHRGML YLK GVNY] 210

Talin 288 CGQMSE TYGVS 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-11, rat Isl-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;
BeckEerRLE 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 o-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-terminal 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
FAK and vinculin as well as with numerous SH2-containing proteins (TURNER and
MiLLER 1994; HILDEBRAND et al. 1995; TurRNER 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 FAK 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 (SABE 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
(SALaia 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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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-terminal 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 EVH1 Motifs

The GP-5 domain contains repeats of a 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-VASP-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 VASP (Symons et al. 1996).
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Both VASP and Mena have been localized to focal adhesions by immunofluores-
cence.

Mena and VASP both contain an N-terminal EVH1 domain (see below), and a
central proline rich region containing GP-5 repeats. In the case of human VASP,
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. VASP 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 peptides
such as SH3 domains and WW domains, each is characterized by the presence of a
number of aromatic acid residues (Yu et al. 1992; MaAcias 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 VASP 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; Prick 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 EVH1 (GERTLER et al. 1996). The EVH1 domain
is a region of homology contained in the extreme amino terminus of VASP, 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 o-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 EVHI
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 VASP from
focal adhesions (GERTLER et al. 1996), suggesting that the EVHI domain may
function to direct Mena and related proteins (VASP, 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 of focal 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 of FAK,
tensin, talin, vinculin and o-actinin) (MivyamoTo 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 Vinc Vasp Zyx Crp Fak Src p85 Pax Cas grb2

a-Actinin  + +
Talin + +
Tensin - +
Profilin - +
+
+

+
- - -+

Vinculin -
Vasp -
Zyxin -
Fak + -
Src - -
P13 kinase - -
Paxillin - - - - - - + - - -
Cas - - - - - - - - - -

LI R |

| |

| |

| |

| + |

[ R T

| |

| 1
|
I
|
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|
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+

I

|

[

|

|

|

[
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Int, integrin; Act, actin; aAct, a-actinin; Tal, talin; Ten, tensin; Pro, profilin; Vinc, vinculin; Zyx, zyxin;
p85, p85 PI-3 kinase; Pax, paxillin; Cas, p130 Cas.
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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 (LPA), 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
(PP1-M). Phosphorylation of PPI-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). PIPS5-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 (RipLEY and HALL 1994; BARRY and CriTCHLEY 1994). Clustering
of integrins appears sufficient to recruit FAK and tensin, and results in auto-
phosphorylation of FAK (ScHALLER and PARrsons 1994; Coss 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 PArRsoNs 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 PARrRsons 1994; Coss et al. 1994). The formation of the
FAK/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 FAK, such as adhesion to ECM proteins and growth factor
stimulation (LPA, 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 (RiICHARDSON and PARsoNs 1996). The co-localization and co-
activation of paxillin and FAK, their stable interaction, the interaction of paxillin
with vinculin and the potential for multiple protein-protein interactions via LIM
domains argues that paxillin 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 a-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 o-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 Function PIP2 effect
a-Actinin Cross-links actin filaments Enhances cross-linking activity
Radixin Caps actin filaments and Enhances binding to

attaches filament to membrane membrane protein CD44
Vinculin Connects FAPs to actin filaments Enhances actin and talin binding
Profilin Caps actin filaments and nucleates Dissociates profilin from

polymerization barbed end (favors

actin polymerization)

Gelsolin Actin severing protein Dissociates gelsolin from

barbed end (favors actin polymerization)

Table 6. Focal adhesion proteins regulated by calcium

Protein Function CaCl, effect

a-Actinin Cross-links actin filaments Inhibits cross-linking activity
(favors depolymerization)

Gelsolin Actin severing protein Enhances severing activity
(favors depolymerization)

Calpain 11 Protease 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 a-actinin, the capping protein radixin, the sequestering pro-
tein profilin, and the severing protein gelsolin (GILMORE and BURRIDGE 1996;
Fukawmi 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 a-actinin enhances the ability of a-actinin to cross-
link actin in vitro (FukAmi et al. 1992). In addition, cell fractionation experiments
indicate that the pool of a-actinin associated with the cytoskeleton is bound to PIP2
whereas the a-actinin in the cytosol is not, suggesting a role for PIP2 regulating
a-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 gelsolin 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 a-actinin and gelsolin bind to and are regu-
lated by calcium (PARR et al. 1992; PopE et al. 1995). Calcium-binding to a-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 (RTKSs), came the realization that the pre-
requisite for stimulation of their kinase activity and consequent autophosphory-
lation is ligand-induced stabilization of receptor dimers (ULLrRicH 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 phosphotyrosine are important for
SH2 recognition (FANTL et al. 1992). This was soon confirmed by the development
and use of degenerate phosphopeptide 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-1 and 2) and Shc, select for pTyr-hydrophobic-X-hy-
drophobic (SoNGYANG and CANTLEY 1995). Substituting a conserved aliphatic
residue found in position BDS5 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 EF1 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 phosphotyrosine 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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containing 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 RTKSs 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 peptides with
Ile or Val in —1, and for Glu, Asp or residues with small side chains (Gly or Ala) in
+ 1. Receptor PTKs select for peptides 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 tyrosines 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 (Morai et al. 1993). Furthermore, the Grb2 SH2, whose selectivity is
determined mainly by the presence of an Asn in +2 (pYXNX), 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-
tyrosines 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. 0.1/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 MiILLER 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 (IwamMa
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 (P1ao 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 (P1a0 et al.
1996). Interestingly, the mutation also results in the selective ubiquitin-mediated
degradation of the SHP-1 tyrosine phosphatase, which normally associates with
wild type Kit receptor and is involved in negative regulation of its signal (P1ao 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 phosphotyrosines 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 phosphotyrosine 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—YVHYV), aimed at selectively disrupting binding with Grb2, greatly re-
duces transformation but is fully permissive for motility (PonzeTTO et al. 1996;
FixMman et al. 1996; FoOUurNIER et al. 1996). Similarly, mutation of the Grb2 binding
site in Ber-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 PC12 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 PC12 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 (VALIUs 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; TzAaHAR 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-1 (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 multiadaptor-like proteins,
whose prototypes are insulin receptor substrate-1 and 2 (IRS-1 and 2). Following
activation of the insulin or IGF-1 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-1 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-1, which is also a
substrate of the EGF and HGF receptors (HoLGADO-MADRUGA et al. 1996). While
GAB-1 associates with the insulin and EGF receptors through Grb2, GAB-1 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-1. 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-1).

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 (L1 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-1 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 (Y1 and IHLE 1993). Kit is encoded by the
Dominant White Spotting (W) locus in the mouse, and SHP-1 by the motheaten
(me) gene. Both mutants are characterized by hematological defects. Homozygo-
sity for mutations in both W and 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 KiINeT 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 RTKs 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 of Sem-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 multiadaptor protein homologous to Gab-1), 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
(PonzeTTO 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; UgHARA et al. 1995; BLADT et al.
1995). In the absence of HGF/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—YVHYV), which, in cultured cells was permissive for
motility but not for transformation (PonzeTrTO et al. 1996). This mutation should
not interfere with binding of any other effector (including Shc and Gab-1); 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 R7 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 perinatally 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.

Acknowledgements. The research in my laboratory has been supported by the Italian Association for
Cancer Research (AIRC), Telethon Italy (Project 805), and the National Council for Research (CNR).

References

Aroian RV, Lesa GM, Sternberg PW (1994) Mutations in the Caenorhabditis elegans let23 EGFR-like
gene define elements important for cell type specificity and function. EMBO J 13:360-366

Bishop JM (1983) Cellular oncogenes and retroviruses. Ann Rev Biochem 52:301-354

Ben-Levy R, Paterson HF, Marshall CJ, Yarden Y (1994) A single autophosphorylaion site confers
oncogenicity to the Neu/ErbB-2 receptor and enables coupling to the MAP kinase pathway. EMBO J
13:3302-3311

Bladt F, Riethmacher D, Isenmann S, Aguzzi A, Birchmeler C (1995) Essential role for the c-met receptor
in the migration of myogenic precursor cells into the limb bud. Nature 376:768-771

Boros P, Miller CM (1995) Hepatocyte growth factor: a multifunctional cytokine. Lancet 345:293-295

Carraway KL, Cantley LC (1994) A Neu acquaintance for ErbB3 and ErbB4: a role for receptor
heterodimerization in growth signaling. Cell 78:5-8

Carraway KL, Burden SJ (1995) Neuregulins and their receptors. Curr Opin Neurobiol 5:606-612

Clark SG, Stern MJ, Horvitz HR (1992) C. elegans cell-signalling gene Sem-5 encodes a protein with SH2
and SH3 domains. Nature 356:340-344



Physiological Function of Receptor-SH2 Interactions 175

Cortez D, Kadelc L, Pendergast AM (1995) Structural and signalling requirements for BCR-ABL-me-
diated transformation and inhibition of apoptosis. Mol Cell Biol 15: 5531-5541

Fantl WJ, Escobedo JA, Martin GA, Turck CW, Rosario M, McCormick F, Williams LT (1992) Distinct
phosphotyrosines on a growth factor receptor bind to specific molecules that mediate different sig-
naling pathways. Cell 69:413-423

Felder S, Zhou M, Hu P, Urefia J, Ullrich A, Chaudhuri M, White M, Shoelson SE, Schlessinger J (1993)
SH2 domains exhibit high affinity binding to tyrosine phosphorylated peptides yet also exhibit rapid
dissociation and exchange. Mol Cell Biol 13:1449-1455

Fixman ED, Fournier TM, Kamikura DM, Naujokas MA, Park M (1996) Pathways downstream of Shc
and Grb2 are required for cell transformation by the Tpr-Met oncoprotein. J Biol Chem 271:13116—
13122

Fournier TM, Kamikura D, Teng K, Park M (1996) Branching tubulogenesis but not scatter of Madin-
Darby canine kidney cells requires a functional Grb2 binding site in the Met receptor tyrosine kinase.
J Biol Chem 271:22211-22217

Gotoh N, Tojo A, Muroya K, Hashimoto Y, Hattori S, Nakamura S, Takenawa T, Yazaky Y, Shibuya
M (1994) Epidermal growth factor-receptor mutant lacking the autophosphorylation sites induces
phosphorylation of Shc protein and Shc-Grb2/ASH association and retains mitogenic activity. Proc
Natl Acad Sci USA 91:167-171

Holdago-Madruga, M, Emlet DR, Moscatello DK, Godwin AK, Wong AJ (1996) A Grb-2 associated
docking protein in EGF- and insulin-receptor signalling. Nature 379:560-564

Imboden JB, Koretsky GA (1995) Switching off signals. Curr Biol 5:727-729

Iwama A, Yamaguchi N, Suda T (1996) STK/RON receptor tyrosine kinase mediates both apoptotic and
growth signals via the multifunctional docking site conserved among the HGF receptor family.
EMBO J 15:5866-5875

Klingmiiller U, Lorenz U, Cantley LC, Neel BJ, Lodish HF (1995) Specific recruitment of SH-PTP 1 to
the erythropoietin receptor causes inactivation of JAK2 and termination of proliferative signals. Cell
80:729-738

Koch CA, Anderson D, Moran MF, Ellis C, Pawson T (1991) SH2 and SH3 domains: elements that
control interactions of cytoplasmic signalling proteins. Science 252:668-674

Larose L, Gish G, Pawson T (1995) Formation and analysis of an SH2 domain binding site with mixed
specificity. J Biol Chem 269:12320-12324

Li W, Nishimura R, Kashishian A, Bazter AG, Kim WJH, Cooper JA, Schlessinger J (1994) A new
function for a phosphotyrosine phosphatase: linking Grb2-Sos to a receptor tyrosine kinase. Mol Cell
Biol 14:509-517

Liu Y, Vega QC, Decker RA, Pandley A, Worby CA, Dixon JE (1996) Oncogenic RET receptors display
different autophosphorylation sites and substrate binding specificities. J Biol Chem 271:5309-5312

Maina F, Casagranda F, Audero E, Simeone A, Comoglio PM, Klein R, Ponzetto C (1996) Uncoupling
of Grb2 from the Met receptor in vivo reveals complex roles in muscle development. Cell 87:531-542

Marengere LEM, Songyang Z, Gish G, Schaller MD, Parsons JT, Stem MJ, Cantley LC, Pawson T
(1994) SH2 domain specificity and activity modified by a single residue. Nature 369:502-505

Mori S, Ronnstrand L, Yokote K, Engstrom A, Courtneidge SA, Claesson-Welsh L, Heldin C-H (1993)
Identification of two juxtamembrane autophosphorylation sites in the PDGF-P receptor involvement
in the interaction with Src family tyrosine kinases. EMBO J 12:2257-2264

Myers MG, Jian Sun Y, White MF (1994) The IRS-1 signaling system. TIBS 19:289-293

Nishimura R, Li W, Kastushian A, Mondmo A, Zhou M, Cooper J, Schlessinger J (1993) Two signalling
molecules share a phosphotyrosine-containing binding site in the platelet-derived growth factor re-
ceptor. Mol Cell Biol 13:6889-6896

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 PLCy.
EMBO J 13:1585-1590

Panayotou G, Gish G, End P, Truong O, Gout I, Dhand R, Fry MJ, Hiles I, Pawson T, Waterfield MD
(1993) Interactions between SH2 domains and tyrosine-phosphorylated platelet-derived growth factor
receptor sequences: analysis of kinetic parameters by a novel biosensor-based approach. Mol Cell Biol
13:3567-3576

Paulson RF,Vesely S, Siminovitch KA, Bernstein A (1996) Signalling by the W/Kit receptor tyrosine
kinase is negatively regulated in vivo by the protein tyrosine phosphatase Shpl. Nature Gen 13:309-
315

Pawson T (1995) Protein modules and signalling networks. Nature 373:573-579



176 C. Ponzetto

Perkins LA, Larsen I, Perrimon N (1992) Corkscrew encodes a putative protein tyrosine phosphatase that
functions to transduce the terminal signal from the receptor tyrosine kinase torso. Cell 70:225-236

Piao X, Paulson R, van der Geer P, Pawson T, Bernstein A (1996) Oncogenic mutation in the Kit receptor
tyrosine kinase alters substrate specificity and induces degradation of the protein tyrosine phospha-
tase SHP-1. Proc Natl Acad Sci USA 93:14665-14669

Pinkas-Kramarski, Soussan L, Waterman H, Levkovitz G, Alroy I, Klapper L, Lavi S, Seger R, Ratzkin
BJ, Sela M, Yarden Y (1996) Diversification of Neu differentiation factor and epidermal growth
factor signaling by combinatorial receptor interactions. EMBO J 15:2452-2467

Ponzetto C, Bardelli A, Maina F, Longati P, Panayotou G, Dhand R, Waterfield MD, Comoglio P (1993)
A novel recognition motif for phosphoinosytol 3-kinase binding mediates its association with
hepatocyte growth factor/scatter factor receptor. Mol Cell Biol 13:4600—4608

Ponzetto C, Bardelli A, Zhen Z, Maina F, Dalla Zonca P, Giordano S, Graziani A, Panayotou G,
Comoglio P (1994) A multifunctional docking site mediates signalling and transformation by the
Hepatocyte Growth Factor/Scatter Factor Receptor family. Cell 77:261-271

Ponzetto C, Zhen Z, Audero E, Maina F, Bardelli A, Basile ML, Giordano S, Narsiman R, Comoglio P
(1996) Specific uncoupling of GRB2 from the Met receptor: differential effect on transformation and
motility. J Biol Chem 271:14119-14123

Raabe T, Olivier JP, Dickson B, Liu X, Gish GD, Pawson T, Hafen E (1995) Biochemical and genetic
analysis of the Drk SH2/SH3 adaptor protein of Drosophila. EMBO J 14: 2509-2518

Raabe T, Riesgo-Escovar J, Liu X, Bausenwein BS, Deak P, Maroy P, Hafen E (1996) DOS, a novel
Plackstrin homology domain-containing protein required for signal transduction between Sevenless
and Rasl in Drosophila. Cell 85:911-920

Santoro M, Carlomagno F, Romano A, Bottaro DP, Dathan NA, Grieco M, Fusco A, Vecchi G,
Matodkova B, Kraus MH, Di Fiore PP (1995) Activation of RET as a dominant transforming gene
by germline mutations of MEN2A and MEN2B. Science 267:381-383

Sasaoka T, Langlois WJ, Bai F, Rose DW, Leitner JW, Decker SJ, Saltiet AR, Gill GN, Kobayashi M,
Draznin B, Olefsky JM (1996) Involvement of ErbB2 in the signalling pathway leading to cell cycle
progression from a truncated epidermal growth factor receptor lacking the C-terminal auto-
phosphorylaton sites. J Biol Chem 271:8338-8344

Scharenberg AM, Kinet J-P (1996) The emerging field of receptor-mediated inhibitory signaling: SHP or
SHIP? Cell 87:961-964

Schmidt C, Bladt F, Goedecke S, Brinkmann VZ, Schlesche W, Sharpe M, Gherardi E, Birchmeier C
(1995) Scatter Factor/Hepatocyte Growth Factor is essential for liver development. Nature 373:699—
702

Serve H, Yee NS, Stella G, Sepp-Lorenzino L, Tan JC, Besmer P (1995) Differential roles of PI3-kinase
and Kit tyrosine 821 in Kit receptor-mediated proliferation, survival and cell adhesion in mast cells.
EMBO J 14:473-483

Soler C, Beguinot L, Carpenter G (1994) Individual epidermal growth factor receptor autophosphory-
lation sites do not stringently define association motifs for several SH2-containing proteins. J Biol
Chem 269:12320-12324

Songyang Z, Cantley LC (1995) Recognition and specificity in protein tyrosine kinase mediated signaling.
TIBS 20:470-475

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, Chou MM, Hanafusa H, Schaffhausen B, Cantley
LC (1993) SH2 domains recognize specific phosphopeptide sequences. Cell 72:1-20

Songyang Z, Gish G, Mbamalu G, Pawson T, Cantley LC (1995a) A single point mutation switches
specificity of Group III Src homology (SH)2 domains to that of Group I SH2 domains. J Biol Chem
270: 26029-26032

Songyang Z, Carraway KL, Eck MJ, Harrison SC, Feldman RA, Mohammadi M, Schlessinger J,
Hubbard SR, Smith DP, Eng C, Lorenzo MJ, Ponder BAJ, Mayer BJ, Cantley LC (1995b) Catalytic
specificity of protein-tyrosine kinases is critical for selective signalling. Nature 373:536-539

Sonnenberg E, Meyer D, Weidner KM, Birchmeier C (1993) Scatter factor/hepatocyte growth factor and
its receptor, the c-met tyrosine kinase, can mediate a signal exchange between mesenchyme and
epithelia during mouse development. J Cell Biol 123:223-235

Streuli M (1996) Protein tyrosine phosphatases in signalling. Curr Opin Cell Biol 8:182-188

Tzahar E, Waterman H, Chen X, Levkowitz G, Karunagaran D, Lavi S, Ratzkin BJ, Yarden Y (1996) A
hierarchical network of interreceptor interactions determines signal transduction by Neu differenti-
ation factor neuregulin and epidermal growth factor. Mol Cell Biol 16:5276-5287



Physiological Function of Receptor-SH2 Interactions 177

Uehara Y, Minowa O, Mori C, Shiota K, Kuno J, Noda T, Kitamura N (1995) Placental defects and
embryonic lethality in mice lacking Hepatocyte Growth Factor/Scatter Factor. Nature 373:702-705

Ulhich A, Schlessinger J (1990) Signal transduction by receptor with tyrosine kinase activity. Cell 61:203—
212

Valius M, Kazlauskas A (1993) Phospholipase C-y 1 and phosphatidylinositol 3 kinase are the down-
stream mediators of the PDGF receptor’s mitogenic signal. Cell 73:321-334

Waters SB, Pessin JE (1996) Insulin Receptor Substrate 1 and 2 (IRS1 and IRS2): what a tangled web we
weave. Trends Cell Biol 6:1-4

Weidner KM, Di Cesare S, Sachs M, Brinkmann V, Beherens J, Birchmeier W (1996) Interaction between
Gab-1 and the c-Met receptor tyrosine kinase is responsible for epithelial morphogenesis. Nature
384:173-176

Yao R, Cooper GM (1995) Requirement for phosphatidylinositol-3 kinase in the prevention of apoptosis
by nerve growth factor. Science 267:2003-2005

Yi T, Hile JN (1993) Association of hematopoietic cell phosphatase with c-kit after stimulation with c-kit
ligand. Mol Cell Biol 13:3350



The IRS-Signaling System: A Network of Docking
Proteins That Mediate Insulin and Cytokine Action

M.F. Wurte and L. YENUSH

1 Introduction . . . . . . . . ...

2 Identification of IRS Proteins . . . . . . . . . . . . . ... ...
2.1 Identification of IRS-1 and IRS-2 . . . . . . . ... .. ... ...
2.2 Small IRS Proteins: Gab-1, DOS and p620OK ........................
2.3 IRS Proteins Coordinate a Diverse and Flexible Signaling System. . . . . . . ... ... ..

3 Coupling Mechanisms Between IRS Proteins and Activated Receptors . . . . . . . ... ..
3.1 Introduction . . . .. ...
3.2 PTB Domains Bind Phosphorylated NPXY Motifs. . . . . ... ... ... ... .. ....
33 ThePH Domain . . . . . . . . . . . e e
3.4 Novel Phosphotyrosine Binding Domains in IRS-2 and Gab-1 . . . . .. ... .. .....

4 Downstream Elements Engaged by IRS Proteins . . . . . . . . ... ... ..........
4.1 IRS Proteins Activate PI-3 Kinase. . . . . . . . .. ... ... ...
42 IRS-1 Activates SHP2 . . . . . . . . . ..
4.3 IRS Proteins Engage Multiple Adapter Molecules . . . . . ... ... ... .........
4.4  Phosphotyrosine-Independent Partners for IRS-1. . . . . . ... ... ... ... ... ...

5 Inhibition of IRS Protein Signaling by Serine Phosphorylation . . . . . .. ... ... ...

6 Role of IRS Proteins in Mammalian Physiology . . . . . . .. ... ... ... .......
6.1 Introduction . . . . . . . . . e
6.2 Role of IRS Proteins in Glucose Homeostasis . . . . . . . ... ... ............
6.3 Regulation of Protein Synthesis . . . . . ... ... .. L L Lo
6.4 IRS Proteins and Diabetes. . . . . . . . . . . . ...
6.5 Cellular Survival, Growth and Cancer . . . . . . . .. .. .. ... ... ... .......
6.6 Neuronal Differentiation . . . . . . . . . . ... L L

7 Future Perspectives. . . . . . . . . . . ..

References. . . . . . . . . . L e e

1 Introduction

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
(HunteRr 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-1, 2, Gab-1, p62%°%, 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-1, 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-1
include IRS-2, Gab-1 and p62d°k (SunN et al. 1995; HOLGADO-MADRUGA et al. 1996;
YamanasHI and BartiMore 1997) (Fig. 1); a 60-kDa insulin receptor substrate in
adipocytes which binds strongly to the PI-3 kinase has recently joined this family
(LAavaN 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 NH,-terminal 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, p130°®® 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 NH,-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). p130°*® and sin were recognized recently as activators
and substrates of pp60°™ (Sakal 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). p130°®
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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 (SunN et al. 1991; ROTHENBERG et al. 1991). The first
cloned insulin receptor substrate, IRS-1, 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 ppl85 in hepatoma cells, and the
unreactive protein was called pp185™W 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
(pp190) (Sun et al. 1995; ToBE et al. 1995). The purification and cloning of 4PS
from FDC-P2 cells revealed a protein similar to IRS-1, and immunologically iden-
tical to ppl85™™W 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 NH,-terminus, followed immediately by a phosphotyrosine binding
(PTB) domain that binds to phosphorylated NPXY-motifs (Fig. 1). 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-1, 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-1 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-1 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-1, DOS and p62”°¥

Recently, two additional proteins with limited amino acid sequence identity have
been identified that are functionally similar to IRS-1 and IRS-2 (Fig. 1). One of
them, Gab-1, occurs in mammalian tissues and was cloned by expression screening
with a Grb-2 probe (HOLGADO-MADRUGA et al. 1996). In common with IRS-1 and
IRS-2, Gab-1 contains a similar NH,-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-1 and IRS-2, there is no
intervening PTB domain in Gab-1, which apparently diminishes the coupling af-
finity with the insulin receptor (HoLGADO-MADRUGA et al. 1996). Thus signals
mediated by Gab-1 during insulin stimulation may occur only at relatively high
insulin concentrations.

Drosophila contains a docking protein called DOS, which is similar to Gab-1
(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 NH,-terminal pleckstrin homology domain with
considerable similarity to that in mammalian IRS protein suggests that it may
mediate signals from the activated Drosophila insulin/IGF-1 receptor, but this has
not been reported. Like Gab-1, 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 p62™“AP) and a 60-kDa
protein that binds PI-3 kinase (pp60) (Hosomr et al. 1994; OGAawa et al. 1994;
KAPLAN et al. 1990; ELLIs et al. 1990; RotH et al. 1992). The p62"*°4P is a common
target of several protein-tyrosine kinases, including v-Abl, v-Src, v-Fps, v-Fms, and
activated receptors for IGF-1, EGF, csf-1 as well as the insulin receptor
(YaManasHI and BALTIMORE 1997). Recently, a substrate for ber-abl that binds to
ras-Gap was purified and cloned (YAMANAsHI and BALTIMORE 1997; CARPINO et al.
1997). This protein, called p629°¥, reacts with monoclonal antibodies raised against
p62"CAP suggesting they are identical (YAMANAsHI and BALTIMORE 1997). The
p629°K contains a recognizable PH domain at its NH,-terminus that is distantly
similar to the PH domain in IRS-1, IRS-2 and Gab-1 (Fig. 1). p62°* may contain a
PTB domain but it contains little amino acid sequence similarity to IRS-1; however,
two conserved arginine residues appear to be correctly positioned to bind
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phosphotyrosine, by comparison to the PTB domain of IRS-1 (Eck et al. 1996a).
The COOH-terminus of p62°°* 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; THigs et al. 1990). In
adipocytes lacking IRS-1, 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 phosphotyrosine binding domain. We propose the name pp60™S* to
reflect these functional similarities to IRS-1 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-1,
IRS-2, Gab-1 and p629°¥ 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 STAT6 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-1 receptors, IRS proteins are phosphorylated by the receptors for growth
hormone and prolactin (UpDIN et al. 1995; PLATANIAS et al. 1996; ARGETSINGER
et al. 1996; BERLANGA et al. 1997), several interleukins (IL-2, IL-4, IL-9, IL-13 and
IL-15) (BEITNER-JOHNSON et al. 1996; CHEN et al. 1997; JoHNsON et al. 1995),
interferons (IFNa/B and IFNy) (UpDIN 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-1 is a substrate for the insulin re-
ceptor, the hepatocyte growth factor receptor (c-Met) and the EGF receptor;
p629°% is a target for v-Abl, v-Src, v-Fps, v-Fms and the receptors for insulin,
IGF-1, EGF, PDGF, CSF-1 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 NH,-terminus of all IRS proteins; however, the exact
mechanism for coupling is unknown. A second means for receptor coupling is
provided by the phosphotyrosine binding (PTB) domain. This domain binds spe-
cifically but weakly to the phosphorylated NPXY-motifs located in the receptors
for insulin, IGF-1 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 g 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-1 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-1
and IL-4 receptors (KEEGAN et al. 1994; YAaMAsAKkI et al. 1992). Alignment of the
cytoplasmic regions of the IL-4 receptor with the juxtamembrane region of the
insulin and IGF-1 receptors reveals a conserved motif (LxxxxNPxYxSxP), that
mediates the interaction with IRS-1 (KEEGAN et al. 1994).

Phosphorylated NPXY motifs are now known to bind on the surface of
phosphotyrosine binding (PTB) domains. PTB domains are regions of 100-150
residues that were first identified at the NH,-terminus of Shc (VAN DER GEER et al.
1996; KAVANAUGH et al. 1955). Similar domains are found in IRS-1 and IRS-2,
which provide one of the mechanisms for coupling to the activated insulin or IGF-1
receptors, and the IL-4 receptor (SuN et al. 1995; YEANUSH et al. 1996). A similar
PTB domain may also exist in p629°%, whereas Gab-1 does not appear to contain a
PTB domain (HoLGADO-MADRUGA et al. 1996; YAMANASHI and BALTIMORE 1997).
Although PTB domains bind phosphotyrosine they are not SH2 domains, but
structurally resemble PH domains (LEMMON et al. 1996; HARRISON 1996). In vitro,
recombinant PTB domains of IRS-1 or Shc bind directly to activated insulin re-
ceptors, as well as phosphopeptides containing NPXY motifs (YENUSH et al. 1996;
WorLr et al. 1995). The binding selectivity of the PTB domain in IRS1/IRS2 and
Shc is different, owing largely to the interaction of residues located on the NH,-
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 Bg-spectrin, pleckstrin, dy-
namin, PLCy and others reveal a highly conserved tertiary structure; each domain is
composed of two antiparallel B-sheets forming a sandwich, with one corner covered
by an amphipathic COOH-terminal a-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
B-adrenergic receptor kinase (Park) interacts with By-subunits of an activated
trimeric G-protein, providing a point for recruitment to the B-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 (HEMMINGSs 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 NH,-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 p629°* 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; MYERrs 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-1, they probably have similar binding specificity (D. Burks et al., un-
published results). Moreover, PH domains from unrelated proteins do not substi-
tute for the endogenous PH domain in IRS-1, 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-1

Recently, yeast two hybrid analysis revealed novel phosphotyrosine 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 B-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 phosphopeptide 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-1, 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-1 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-1 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-1,
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 o,,g3 (VUORI and RuosLAHTI 1994; FEI et al. 1995; CrAPARO et al. 1997).

PI-3 kinase is the best studied signaling molecule activated by IRS-1. It plays
an important role in the regulation of a broad array of biological responses by
various hormones, growth factors and cytokines, including mitogenesis (VALIUS
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 (YAo and CoopPer 1995) and cerebellar neurons
(DupEk 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 110-kDa cat-
alytic subunit (pl110a or pl110B) associated with an 85-kDa regulatory subunit
(p85a or p85B). During a search for new SH2 proteins that bind to IRS-1, we
cloned a smaller regulatory subunit that occurs predominantly in brain and testis,
called p55P™ (Fig. 2). The COOH-terminal portion of p55FK is similar to p85,
including a proline-rich motif, two SH2 domains, and a consensus binding motif
for p110 (DHAND et al. 1994). However, p55F7'K contains a unique 30-residue NH,-
terminus which replaces the Src homology-3 (SH3) domain and the Ber-homology
region found in p85 (Pons et al. 1995). Like p85, pS5¥'K associates with tyrosine
phosphorylated IRS-1, and this association activates the PI-3 kinase (Pons et al.
1995). Two other small regulatory subunits (pS5a and p50a) are encoded by al-
ternative splicing of the p85a gene (ANTONETTI et al. 1996; INUKAI et al. 1996;
FruUMAN 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

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; NH,, amino-terminal re-
gions; Bcr, Ber-homology region. Percentages refer to the percentage identity relative to p85a
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Fig. 3. Model of PKB activation. Schematic representation of a working model of the signal transduction pathways and

molecular mechanism of the cycle of PKB activation. KD, kinase domain; RD, regulatory domain

glycogen synthesis. Binding of the SH2 domain in p85 to phosphorylated YMXM
motifs in IRS-1 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 (RorpDORF-NikoLic et al. 1995). Since IRS-1 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 p70°®¢, PKB, PKC{ and others are thought to be downstream of PI-3 kinase
(MYERS et al. 1996; FRANKE et al. 1995; Diaz-MEgco et al. 1994). The regulation of
PKB is complex, involving occupancy of its PH domain and serine/threonine
phosphorylation (ALEtssi et al. 1996). PKB and PKC{ are implicated in various
biological responses, including 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-1 Activates SHP2

SHP2 is a phosphotyrosine phosphatase with two SH2 domains that is expressed in
most mammalian cells (FREEMAN et al. 1992). Several growth factor receptors,
including 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-1 (KUHNE et al. 1993; Eck et al.
1996b); it also binds to phosphorylated Tyr 46 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 (YAMAO 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-1, providing a mechanism to atten-
uate certain signals. This hypothesis is supported by recent findings that reduced
levels of SHP2 in mice increase IRS-1 tyrosine phosphorylation and its associated
PI-3 kinase activity during insulin stimulation (ARRANDALE et al. 1996). Consistent
with this, expression in 32D cells of mutant IRS-1 lacking the SHP2 binding motifs
increases IRS-1 tyrosine phosphorylation and associated PI-3 kinase activity, re-
sulting in twofold enhanced insulin-stimulated [*’SJmethionine-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 (PAwWsON 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 GDP/GTP exchange
on p21™° (SKOLNIK et al. 1993a, b; GALE et al. 1993). The recruitment by growth
factor receptors of Grb2/mSos to membranes containing p21™° 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-1, IRS-2, Shc or SHP2, al-
though the preferred interactions depend on the cell background. For example, in
skeletal muscle IRS-1 is the dominant GRB2 binding protein (YAMAUCHI et al.

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 all, of the pathways shown here
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1996). Thus, mice lacking IRS-1 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 (Tyrges) in
IRS-1 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-1 alone is insufficient to stimulated
Grb-2 binding, even though IRS-1 becomes tyrosine phosphorylated and bound to
p85 (MYERSs 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-1 phosphorylation,
but only on a few sites that activate PI-3 kinase. By contrast, Grb-2 binding to
IRS-1 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-1. 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-1

The role of Ca?" 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-1 co-immunoprecipitates with calmodulin from lysates of Chi-
nese hamster ovary cells expressing IRS-1 (MunsHI et al. 1996). In vitro the as-
sociation of purified calmodulin and recombinant IRS-1 increases with the Ca®*
concentration; and in vivo treatment of cells with A23187 to increase cytosolic
Ca" increases the association. In contrast, trifluoperazine, a cell-permeable cal-
modulin antagonist, decreases binding of calmodulin to IRS-1. Insulin-stimulated
tyrosine phosphorylation of IRS-1 does not significantly alter the interaction
between calmodulin and IRS-1. Calmodulin appears to bind to IQ motifs between
residues 106-126 and 839-859 of IRS-1. Complete IQ motifs consist of approxi-
mately 23 residues with the consensus sequence IQXXXRGXXXR (CHENEY
and MoosekiR 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-1 (MorrisoN and CutLer 1997). Several 14-3-3 isoforms bind
IRS-1° (White et al., unpublished results). 14-3-3 was proposed to binding phos-
phoserine in RSxpSxP motifs (MUSLIN et al. 1996). Similar motifs occur in IRS-1
(Ser,gs5 and Serg37) and IRS-2 (Sersgs and Sers,9), but our results do not indicate a
role for serine phosphorylation of IRS-1 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-1 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-1 at Sergg and Thrsgy. The physiological effects of these phosphorylation
events are unknown, especially as Sergg is absent from human IRS-1 (TRANISUEVIK
et al. 1993).

Serine and threonine phosphorylation of IRS-1 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-L1 adipocytes,
okadaic acid treatment generally increases serine phosphorylation of IRS-1, 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-1 which overlap p85-binding-YMXM motifs
increase both IRS-1 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-1 interactions.

Although the physiological relevance of the modulation of serine/threonine
phosphorylation has been difficult to investigate, recent work suggests that TNFo
stimulates IRS-1 serine phosphorylation, which correlates closely with decreased
IRS-1 tyrosine phosphorylation and insulin receptor tyrosine kinase activity. Since
adipocytes secrete TNFa, 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-o-mediated downregulation of insulin action. TNF-a stimulates decreased insulin
receptor kinase activity and increased serine and decreased tyrosine phosphorylation of IRS proteins.
This downregulation may occur through p38 and/or Jnk-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

HoTtAMIsLIGIL et al. 1995, 1996). Inhibition of the insulin receptor kinase by TNFa
requires expression of IRS-1, but the mechanism for this effect is unclear
(HotaMmisLIGIL et al. 1996). Identification of the serine phosphorylation sites that
occur during TNFa stimulation will provide new information about the putative
kinases involved. Jnk and p38 serine kinases are excellent candidates, as these are
stimulated by TNFo (VERHEU et al. 1996; SAKLATVALA et al. 1996; Hiral 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



196 M.F. White and L. Yenush

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-1 (BRUNING
et al. 1997). Whereas the IRS1/? 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 play a 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 GLUT1 and GLUT4 are largely
responsible for removing glucose from the bloodstream (LIENHARD et al. 1992).
GLUTI1 accumulates constitutively at the plasma membrane of most cells and
tissues, and is relatively insensitive to acute insulin treatment. Activation of the
p21"™*/MAP kinase pathway increases expression of GLUTI, 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 p110 seems to circumvent the insulin requirement (TANTI 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-1/2 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-1 is the main
regulator of both pathways during insulin stimulation (YAMAuUCcHI et al. 1996). The
insensitivity of glycogen synthesis to the MEK inhibitor, and its inhibition by PI-3
kinase inhibitors (LY294002), 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-1 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-1, 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 p70%¢
(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
(J. Lawrence, University of Virginia, personal communication). General protein
synthesis is unaffected by rapamycin, as it weakly inhibits this [*>S]methionine
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-1 in 32D cells
expressing the insulin receptor (MENDEZ et al. 1997). These results suggest that
PKC{, 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-1 are mildly insulin-resistant, confirming that IRS proteins me-
diate insulin signals in the intact mammals. Without IRS-1, 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-1 does not cause NIDDM (BRUNING et al. 1997). Apparently, insulin resis-
tance caused by the absence of IRS-1 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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Fig. 6. Insulin-stimulated protein synthesis. Model of the molecular pathways leading to insulin-stimulated general and
growth regulated protein synthesis is shown. This bioeffect of insulin involves at least two major pathways, one mediated by

MAP kinase and one mediated by PI 3-kinase. Other possible downstream events are also depicted

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-1 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 p70°%* glucose uptake, glycogen synthesis and protein synthesis, which
reflects the low level of IRS-1 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-1, these mice are gen-
erally euglycemic throughout their lives. At birth, the compound heterozygous mice
(IR */IRS*) are slightly more resistant to insulin than the individual heterozygotes
as various parameters of insulin signaling, such as IRS-1 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 B 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-1 is im-
portant for carbohydrate metabolism.

Mutations in the insulin receptor and IRS-1 are rare in humans, and probably
do not contribute significantly to the disease. In a few cases, polymorphisms in
IRS-1 have been identified in human IRS-1, including Sers;3, Alag7,, and Argjax;
(ALMIND et al. 1996; CLAUSEN et al. 1995). The Alag;, 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 of IRS-1 to activate PI-3 kinase (ALMIND et al. 1996). Although
mutations may not be the main cause of NIDDM in humans, other mechanisms may
result in a partial reduction of functional insulin receptor and IRS-1. 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.

6.5 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-1 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-1 receptor
in mice causes severe developmental abnormalities (BAKER et al. 1993; Liu et al.
1993). In rare cases when people survive without IGF-1 receptors, they are mentally
impaired, demonstrating the importance of IGF-1 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-1 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 al. 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-1
receptor may possess a greater potential for transformation than the insulin
receptor, owing to unique interaction motifs in its COOH-terminus (SURMACZ et al.
1995). The exact nature of these IGF-1 receptor signals remains to be defined.

IGF-1 promotes cell survival and in some contexts this may be important for
the development of cancer. The ability of insulin/IGF-1 to inhibit apoptosis may be
essential. Induction of apoptosis in murine BALB/c3T3 cells with topoisomerase I
was significantly inhibited by IGF-1 treatment and cell survival under these con-
ditions is considerably enhanced by overexpression of the IGF-1 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 al., unpublished observation; Prisco et al. 1997).

IGF-1 mediates cellular transformation and IRS proteins appear to play an
important role in this process. Murine 3T3-like fibroblasts lacking the IGF-1
receptor or expressing dominant negative IGF-1 receptors cannot be transformed
by SV40 T antigen, which ordinarily transforms wild-type cells. However, the co-
expression of IRS-1 and the SV40 T antigen induces transformation (D’ AMBROSIO
et al. 1995). In contrast, IRS-1 induces a mitogenic response to insulin in 3T3-cells
lacking IGF-1 receptors, but it does not promote transformation, suggesting that
additional IGF-1 receptor signals are required (SURMAcCZ et al. 1995). Thus, the
transforming competence of the IGF-1 receptor requires an IRS-1-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 al. 1995; TORRES-ALEMAN et al. 1994). Homozygous IGF1¢" mice
display reduced brain size, hypomyelination and reduced number of hipocampal,
granule and striatal neurons (Beck et al. 1995). Moreover, disruption of the IGF-1
receptor gene generally delays nervous system development (Liu et al. 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;
Dubpkk et al. 1997). Although the 85-kDa regulatory subunits are expressed in
developing neurons, p557'¥ is highly expressed in neurite extensions where it binds
to IRS-1 or IRS-2 during IGF-1/insulin stimulation (Pons et al., submitted). The
expression of p55°'® remains very high during development of the nervous system
and increases during differentiation of P19 cells into a neuronal phenotype. In both
primary and P19 neuronal cultures p55°™® largely associates with IRS proteins and
stimulates PI-3 kinase activity during stimulation with IGF-1. Using a combination
of approaches, we propose that the regulation of PI-3 kinase by p55P™K 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 most important 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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1 Introduction and Perspective

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 multidomain
proteins of diverse function, e.g., enzymes, receptors, cytoskeletal proteins.
Examples of these domains include the well characterized SH3, SH2 and PTB
domains.

Departments of Internal Medicine and Cell Biology, Yale University School of Medicine, PO Box
208019, New Haven, CT 06520-8019, USA
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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 microdomains 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 of hDlg 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 Dlg protein, which contains three PDZ
domains, has been identified as the product of a tumor suppressor locus (WoobDs
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 (Miryamoto 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 Ca®* 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 /in2 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 PICK1
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; Kigss 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 homologs (MAGUKSs). This family of proteins has been one of the
most intensely studied classes of PDZ-containing proteins in terms of PDZ function
(FANNING et al. 1996; GoMpPERTS 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 MAGUKSs 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
Dlg (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 MAGUKSs also have three PDZ domains, but
differ significantly from the Dlg-like MAGUKSs 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-1 (WiLLOTT et al. 1993),
Z0-2 (Jesarris and GoobDENOUGH 1994; DucLos et al. 1994), and a 130-kDa
protein provisionally identified as “ZO-3" (B. Stevenson, University of Alberta,
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Edmonton, personal communication). More recently the zamou gene, an inver-
tebrate homolog of ZO-1 and ZO-2, has been identified in Drosophila (TAKAHISA
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 MAGUKSs 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 CAMGUKS5s) 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 dlg, 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 czpA gene. The ctpA protein is a novel protease associated
with the thylakoid membrane which cleaves the D1 precursor protein of the pho-
tosystem II reaction center (ANBUDURAI et al. 1994; TAaGucHiI 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 (DEevEREUX 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 SAP102_])
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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 p-aspartate (NMDA) receptor and
the Shaker-type potassium channel Kv1.4 have been identified as ligands for the
first (PDZ1) 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 dlg protein, hdlg (Kim et al. 1995; KorNAU et al.
1995; NIETHAMMER et al. 1996). The measured K4 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 al. 1996). The NMDA receptor
and the K" channel also bind to PDZ2 of another synaptic protein, SAP102
(MiLLER et al. 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-1 (SaTo et al., 1995) and the C-terminus of the

Table 2. PDZ domain containing proteins and their cellular targets

PDZ protein Target C-terminal Motif

A. PDZ/C-terminal interactions

PSD-95 (SAP90) NMDA receptor (NR2 subunit) ESDV
Shaker K *channel ETDV
Kir2.3 ESAI
PSD-93 (chapsyn-110) NMDA receptor See above
Shaker K* channel
SAP97 NMDA receptor See above
SAP102 NMDA receptor See above
hdlg Shaker K * channel See above
APC VTSV
FAP-1 (PTPbas) Fas receptor QSLV
inaD TRP Ca®* channel rgKSTVtgrmisgwl
CASK Neurexin EYYV
p55 Glycophorin C EYFI
hlin2 Syndecan-2 EFYA
lin7* let23 ETCL
dsh® Dfz2, fz ASHV

B. PDZ/PDZ interactions

nNOS PSD-95, PSD-93
al-syntrophin
PSD-95% PSD-93

 Direct interaction not yet established. See text for details and references.
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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-1 has a relatively high affinity for its ligand,
with a measured Ky 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 S/T 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 EFYA. 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 Dfz2 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 al-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 STV motif which is nine residues from the
C-terminus (SHIEH and ZHuU 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-1 (PDZ3) will bind to Fas (SaTo et al. 1995), and only PDZ1
and PDZ2 of PSD-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 (K4 = 6 nM) is more
than 100 times tighter than that of PDZ3 (K3 = 1.0 pM) (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 (DovYLE et al.
1996). These results suggest a mechanism for the specificity in binding C-termini
containing the (T/S)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 Gln (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 B-strands (BA-F, see also Fig. 1) and 2 a-
helices (¢A and aB) arranged into what has been described as a ‘B sandwich’ or ‘up-
and-down P barrel’ (DoYLE et al. 1996; MoRriAs-CABRAL et al. 1996). In the co-
crystal structure, the peptide ligand binds within a hydrophobic pocket created by
the PB-strand, the aA-helix, and the loop connecting the BA- and BB-strands
designated the “carboxylate binding loop” (DoYLE et al. 1996). The peptide ligand
is oriented antiparallel to BB, 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 BB-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 Gln (-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. B-Strands are indicated by arrows and o-
helices are represented by cylinders. Secondary
structure elements are labeled as in Fig. 1. The C-
terminal ligand (black) lies in a groove created by
the BB-strand and aC-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 BA-BB 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 (HaTta
et al. 1996b). Instead of the Asn (in the BB strand) and Ser (in BC) residues found in
PSD-95 that normally interact with the Gln (-3) residue in the peptide ligand, the
CASK PDZ contains Thr and Ala, respectively (see Fig. 1). Similarly, the His
residue (in helix aB) 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 inaD 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 (T/S)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 B-strand to the B-sheet of the PDZ domain. One
implication of this model is that the supplementing B-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 B-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 SAP102 all colocalize with the
NMDA receptor and the K* channel within distinct tissues and cell types in the
nervous system (KorRNAU et al. 1995; KM 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 MAGUKSs. 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 (K 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 Dlg mutants
(TeseDOR et al. 1997). In Drosophila larvae the Dlg protein normally colocalizes
with Shaker K* channels at glutamatergic neuromuscular junctions. The cyto-
plasmic C-terminal tail of the Drosophila K™ channel binds directly to PDZ1-2 of
Dlg in vitro, and Dlg is required for receptor clustering in heterologous cell
transfection experiments such as those described above. In Dlg 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 Dlg protein
encoding only PDZ1-2 results in ectopic coclustering of the truncated protein with
the channel. The implication of this study is that PDZ1-2 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 al-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 APC
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 1). These
include many of the MAGUKSs, 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 MAGUKSs like PSD-95 appears to have
a high affinity for a particular ligand (KM et al. 1995; KornNAU 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 Dlg protein forms dimers (Woobs and BRyanT 1991),
and immunoprecipitation assays suggest that PSD-95 dimerizes with PSD-93 (Kim
et al. 1996) and that ZO-1 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
(KM 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 MAGUK. In model C transmembrane proteins are crosslinked to the cortical cytoskeleton (/ines
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 pS5 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. PTPH1 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 (KM 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 of PDZ
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 PSD9S.
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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1 Introduction

Transforming growth factor p (TGFp) 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 TGFp 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 TGFs, 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 TGFp-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 TGFp 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 TGFB 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, Vgl, 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 TGFP 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 TGFp 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; Mivazono 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
IT 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; RosENzZWEIG 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, TGFpB binds to two other
transmembrane proteins, betaglycan (or type I1I receptor) and endoglin (reviewed
in ATTISANO et al. 1994). In the case of betaglycan, this binding may play a role in
controlling access of the TGF2 isoform to the signaling receptors (LinN et al. 1995;
LopPez-CasiLras et al. 1993). The role of endoglin in TGF 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 TGFB-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
TGFB-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 TGFB 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 (HoobLEss 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 TGF 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-
skyi 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; WIESErR et al. 1995; WRANA et al. 1994a). Once
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phosphorylated, receptor I is activated to signal to downstream targets (Fig. 1A).
The recent demonstration that MADR2 is a substrate of the TGFJ 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 TGFB-like factors is considered. For example, the TGF and
activin type I receptors (TBRI and ActRIB, respectively), which have kinase do-
mains that are over 90% identical, mediate common biological responses to their
respective ligands (CArRcaMo et al. 1994). Furthermore, BMP receptor complexes

Fig. 1A, B. TGFp 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 (/1) and type I receptors (/). The kinase of type Il phos-
phorylates the GS domain (black box), activating the type I receptor kinase, which signals to downstream
targets (MADR proteins). B Combinatorial nature of heteromeric ser/thr kinase receptor complexes.
Mammalian and Drosophila type 11 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 ALK®6, 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 TGFp superfamily. TBRII and
TPBRI appear to be quite specific, interacting with and transducing signals only for
TGFBI, 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, GDFS5 and likely
many other members of the superfamily (reviewed in ATTisANO 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;
LEeTsou et al. 1995), suggesting that this characteristic may play a functional role in
TGFp signaling. This mixing and matching of different type II and type I receptors
leads to a combinatorial model for ligand-receptor interaction (Fig. 1B). 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 TGFB 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 TGFf 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-a (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; Trurp
et al. 1996). These findings were particularly surprising on two accounts. Not only
is this the first example of a TGFp-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.



240 P.A. Hoodless and J.L. Wrana

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 TGFp-receptor interacting protein-1 (TRIP-1), farnesyl
transferase-a (FT-a), apolipoprotein J/clusterin and FK506/rapamycin binding
protein (FKBP12) (reviewed in ATTiSANO and WRANA 1996). However, while these
proteins may play a regulatory role in receptor function, there is little evidence to
indicate that they are required for signaling by TGFp 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-1, and its putative
regulator, TAB-1, and the family of proteins related to the Drosophila gene Mothers
against dpp (MAD).

2.4.1 TAK-1/TAB-1

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

2.4.2 MAD-Related Proteins

While the role of TAK-1 in TGFp signal transduction remains to be fully eluci-
dated, it is now evident that MAD-related (MADR) proteins (also known as Smad
proteins) play a critical role in the signal transduction pathways of the TGFP
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
(NEwWFELD 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 ATttisaNo 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 (MADRI1 through 6) have been reported in
vertebrates, although other members are likely to exist (DERYNCK and ZHANG
1996; MAsSSAGUE 1996; WRANA and AttisaANOo 1996). Sequence comparisons of
this family indicates the presence of three distinct domains, a highly conserved
amino-terminal MH1 domain (for MAD homology 1), 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; RiGgaGins 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
MADRI1 and MADRS (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 MADR?2. In addition, MADR2
possesses two inserts in the MH1 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, HoopLEss 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 (HoobLEss et al. 1996), while MADR?2 is phosphorylated by TGF or
activin signaling through TBRI and ActRIB, respectively (Fig. 2B, EpPPERT et al.

Fig. 2A, B. MAD-related (MADR) proteins. A Schematic representation of the structure of MADR
proteins. The position of the MH1 (light box), MH2 domain (dark box) and the nonconserved linker
domain (NC, white box) is shown. The presence of amino acid inserts in the MH1 domain of MADR?2 and
the MH2 domain of DPC4, relative to other MADR 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 MADRI1
and MADRS all signal in BMP pathways. In contrast, the highly related mammalian MADR?2 and
MADRS3 proteins function in activin/TGFp signaling pathways. DPC4 is more distantly related and may
function in both pathways. MADRG6, which has no MH1 or nonconserved 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
TGFp were able to induce phosphorylation of MADR?2 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; CArRcaMo 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 (HoobLEss et al. 1996). Furthermore, nonfunctional
mutants of MADR?2 identified in colorectal carcinomas also fail to be phosphor-
ylated (EPPERT et al. 1996). Collectively, these results indicate that phosphorylation
of MADRI or MADR? in response to ligand is critical for protein function and
signal transduction.

The specific role of MADRI1 in BMP and MADR?2 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 MADRI) induces ventral mesoderm in
ectodermal explant cultures similar to the effects of the ligands BMP2 and 4
(GRrAFF 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 (GrRAFF et al. 1996; THOMSEN
1996). In contrast, expression of XMAD?2 (the Xenopus homologue of MADR?2)
induces dorsal mesoderm, similar to that observed in response to the ligands ac-
tivin, Vgl or nodal (BAKER and HARLAND 1996; GRAFF et al. 1996). Studies like
these also showed that Drosophila Mad and human homologues of XMADI and
XMAD? 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 TGFf and activin responsive promoter, 3TP,
which combines portions of the plasminogen activator inhibitor (PAI-1) promoter
with 3 TPA responsive elements. This promoter is highly responsive to TGFf 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 TGFf/activin, forms
heteromeric complexes with MADR1 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 MADR?2 and ventral mesoderm by MADRI1 (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 MADR?2 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
TGFp receptor complex (MAacias-SiLvA et al. 1996; ZHANG et al. 1996). The in-
teraction of MADR? is transient but is stabilized by a kinase-deficient version of
the type I receptor and requires activation of TBRI by TPBRII, 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 TGFp 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 MADR?2 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 MADR?2 that interacts stably with the receptor and functions in a dominant-
negative manner in TGFf signaling. Interestingly, DPC4 does not interact with the
TGEFP receptor complex and is not phosphorylated in vitro (MAcCiAs-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 MADR1 and MADR?2 are dispersed throughout the
cells but accumulate in the nucleus in response to BMP and TGFp signaling,
respectively (HoopLEss 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/MADR?2 fusion protein is localized to the nucleus at the anterior
portion of the axis, in a region in which activin, Vgl 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 TGFP signaling (MAciAs-SiLvA et al. 1996). Moreover, an N-terminal
truncation of MADR?2 that contains the MH2 domain and a small portion of the
nonconserved domain is more active than full length MADR?2 and is constitutively
nuclear, suggesting that these proteins function in the nucleus. These latter studies
further indicate that the MH1 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
MADRI1 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 MADRI1 and the DNA-binding domain of GAL4 is able to
induce a GAL4 promoter construct in a ligand-dependent manner, suggesting that
MADRI can act as a transcriptional activator (Liu et al. 1996). GAL4 fusions with
the C-terminal half of MADRI 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
of TGFP superfamily members has led to the identification of two potential nuclear
transcription factor targets, schnurri (SHN) and FAST-1. The schnurri gene was
identified in Drosophilia screens for zygotic embryonic lethal mutations (N{iSSLEIN-
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
(ARrORA 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 (MBP1, also known as HIV-EP1 or PRDII-BF1, and MBP2, which is
closely related to HIV-EP2) and kappa binding protein 1 (KBP1). 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 TGFp superfamily members.

The second nuclear factor, FAST-1 (forkhead activin signal transducer-1), 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-1 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 MADR?2 in addition to FAST-1 and possibly other components, but does
not contain MADRI. Moreover, FAST-1 is constitutively nuclear, convincingly
demonstrating that MADR?2 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-1 have yet been
identified, whether all signaling by TGF superfamily members occurs through
FAST-1 and FAST-I1-like molecules remains to be determined.

2.6 A Model for TGFp Signaling

The wealth of data that has recently emerged on TGFB 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
TGFp 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. MADR?2 serves as a direct
substrate of the type I receptor kinase and is phosphorylated on the C-terminal
serines. This leads to dissociation of MADR?2, 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-1 and the determinants
that mediate association with MADR?2 have not been reported. Mammalian ver-
sions of FAST-1 have yet to be reported. In addition, direct interaction between the
BMP receptors and MADR1 or MADRS 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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Fig. 3. A model of TGF signal transduction. Activation of the receptors by TGFP leads to recruitment
of MADR?2, which is phosphorylated by the type I receptor on the C-terminal serine residues. This leads
to dissociation of phosphorylated MADR?2 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-1, to activate the transcription of target genes

standing how the TGFp 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 TGFp 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
TGFB-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 TGFp 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 TGFp 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, SLAack 1994). In addition, later during embryogen-
esis, various TGFpB 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 TGFp 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
TGFp superfamily and is possibly due to the redundancy in many TGFp-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 TGFp-like factors (Fig. 1). The Miillerian-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 Miillerian 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 Miillerian 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 TGFp 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 TGFP family are essential in patterning all three embryonic axes
established during gastrulation, anterior-posterior (A-P), dorsal-ventral (D-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 KobDJABACHIAN 1996). Many
factors such as Wnts and FGFs have been implicated in the induction of mesoderm.
However, a critical role for signaling by TGFpB 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 TGFp superfamily, blocks signaling by
BMPs, Vgl and possibly other ligands (HEMMATI-BRIVANLOU and MELTON 1992;
HeMMATI-BrRIvANLOU and THOMSEN 1995; SCHULTE-MERKER et al. 1994). Signifi-
cantly, expression of tAR in Xenopus blocks mesoderm induction, indicating the
importance of TGFp-like factors in early develoment. Studies using specific
members of the TGFp superfamily such as activins, BMPs, Xnrs (nodal-related)
and Vgl 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 TGFP 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 GurpoN 1997). This form of the receptor is likely to be
secreted and blocks activin signaling but not Vg1, 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; Opa 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 (Opa 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). Vgl 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 Vgl 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 cVgl 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 TGFp 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, Vg1 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 TGFf superfamily member may
play a 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 TGFp superfamily may play a 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 (HEMMATI-BRIVANLOU and MELTON 1994). As mentioned
above, this form of the receptor disrupts signaling by multiple members of the
superfamily, thus demonstrating that TGFp-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 TGFp-like factors
(reviewed in HEMMATI-BRIVvANLOU and MELTON 1997). Consistent with this con-
clusion, treatment of dissociated ectodermal cells with BMP4 can inhibit this neural
fate (WiLsoN and HEMMATI-BRIVANLOU 1995) and introduction of antisense RNA
for BMP4 into ectodermal explants can induce neural markers (Sasar 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 HemMATI-BRIvANLOU and MEeLTON 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 TGFf 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 of TGFp 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 TGFp 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 TGFf
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 (VASSALLI 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



256 P.A. Hoodless and J.L. Wrana

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; MaANova et al. 1992). Studies with
TGFBI1 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; Opa 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 ectodermal layer 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



Mechanism and Function of Signaling by the TGFB Superfamily 257

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; Zuou 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, TGFf 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 play a 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 TGF} 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 TGF -
like ligands in early development may provide some further insights into how
mammalian gastrulation is controlled. For instance, Vgl 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 TGFp 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-1. Shh, a secreted growth
factor not related to TGF, 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-1 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-1. Furthermore, ec-
topic expression of SHH on the right side of the node, where it is not normally
expressed, induces ectopic expression of ¢NR-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 ¢NR-1, 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 TGFf 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 Vgl 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
BVgl 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 BVgl in the left side had no significant effect on develop-
ment. In addition, Xnr-1, 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 Vgl 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 TGFf
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, TGFB, 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 play a 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 TGFs 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 (Znou 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 of BMPs in digit formation is
supported by the observations that BMP7 deficient mice often have extra digits in
the hind legs (DubpLEY 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 (GDFS5) 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
GDFS5 is involved in regulating condensation of mesoderm in the limb.

In contrast to BMPs, TGFs 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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TGFB1 or TGF2 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 TGFf 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 TGFf biology. First, a
single ligand has the ability to elicit multiple biological responses and second,
distinct ligands, such as TGFB or BMPs, often evoke opposite effects in cells that
are competent to respond to both. This balance between different TGFp 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/TGFp utilize dis-
tinct MADR proteins to signal their respective biological responses, with no
crosstalk observed between these pathways.

3.3 TGFp Ligands as Morphogens

The question of whether TGFp 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 morphogens 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 DPP can function as a true morphogen (reviewed in SMITH
1996). Expression of a constitutively activated receptor for DPP, which recapitu-
lates downstream responses in the absence of ligand, induces transcription of two
DPP-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 DPP induce
expression of these genes in a halo of surrounding cells, in a manner consistent with
DPP 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 (GUurDON 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
(GurpoN 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 Vgl appeared to have limited diffusion,
acting only on adjacent cells (REILLY and MELTON 1996). Despite these latter
studies, the preponderance of evidence indicates that TGFf ligands can act at long
distances to establish concentration gradients, thereby functioning as diffusible
morphogens to differentially regulate cell fate decisions.

3.4 Disruption of TGFp 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 Miillerian duct syndrome (PMDS),
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 TGFf-
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 TGFp in colorectal carcinoma cell lines correlates with biological ag-
gressiveness, suggesting that release from TGFf growth inhibition is an important
step in tumor progression. In addition, restoration of TGFB-responsiveness has
been correlated with reversion of transformation in the colon cancer cell line
SW480. However, loss of autocrine expression of the TGFf ligand itself does not
correlate with malignancy. Moreover, high levels of plasma TGFp in colorectal
cancer patients have been associated with an increase of TGF3 mRNA in the tumor
and with tumor progression (TsusHIMA et al. 1996). Thus, the resistance to TGFf
growth inhibition in tumors likely results from disruption of the ability of the cell to
respond to TGFf and suggests that components of the TGFp signaling pathway
may function as tumor suppressors. Exciting evidence is now emerging to provide a
molecular basis for understanding the development of TGFP resistance and its role
in cancer progression.

Direct evidence that resistance to TGFf in human cancers could be a result of
mutations in components of the signaling pathways was first suggested by studies
on the receptors TPRII and TPRI. In some gastric carcinoma cell lines, rear-
rangement of the TPRII gene has been detected and correlates with loss of sensi-
tivity to TGFpB (PArk et al. 1994). Perhaps more significant was the finding that
approximately 90% of colon cancers exhibiting microsatellite instability (RER +
for ‘‘replication errors”) contain mutations causing inactivation of TPRII
(MarkowiITZ 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 TBRII 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 frameshifts and
premature stops codons. Interestingly, mutations of TBRII are rare in endometrial
cancers with microsatellite 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 TPRII have
been identified in squamous head and neck carcinomas (GARRIGUE-ANTAR et al.
1995). These findings implicate TBRII 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 TGFB-mediated growth control.

In addition to defects in TBRII, alterations in the type I receptor, TBRI, have
been found in prostate, colon and gastric cancer cells which are insensitive to
TGFB. Furthermore, a lack of TBRI 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 MAarRkowITZ and RoBERTS 1996). While the functional significance of these al-
terations in TBRI expression has yet to be determined, these cases suggest that
TPRI is a target for inactivating mutations.

Similar to the receptors, intracellular components of the TGFp signaling
pathways may also function as tumor suppressors (reviewed in RustGi 1996). Both
DPC4 and MADR?2 map to chromosome 18921, 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 colorectal
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 (JV-18) (EppeRT et al. 1996;
RiGGins et al. 1996). Interestingly, MADR?2 functions in the TGFp 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 MADR?2 in colorectal cancers parallels similar observations in
the TGFp receptors. This may indicate that this pathway is more susceptible to
mutation in colorectal cancer and suggests that TGFB may be particularly im-
portant in controlling the normal proliferation of gastrointestinal epithelium. Thus,
the essential molecules of the TGFp 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 TGFp superfamily members in cancer has been
suggested by studies on the a-inhibin deficient mice (MATzUK et al. 1992). Both
male and female mice develop mixed granulosa/Sertoli cell tumors in 100% of the
cases, indicating that a-inhibin is a potent negative regulator of gonadal stromal
cell proliferation. Thus, a-inhibin is the first secreted protein demonstrated to have
tumor-suppressor activity. Furthermore, mice which are deficient in both MIS and
a-inhibin develop tumors earlier and faster than the o-inhibin deficient controls,
suggesting that o-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 Miillerian inhibitory substance (MIS) could result in
persistent Miillerian duct syndrome (PMDS) was the first confirmation of an as-
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sociation between a human syndrome and a member of the TGFB superfamily
(IMBEAUD et al. 1994). PMDS is characterized by the presence of Miillerian 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 TGFp superfamily, cartilage-derived morphogenetic
protein 1 (CDMP-1), the human homologue of murine GDF-5, is the primary
defect in a human chondrodysplasia (THomAs et al. 1996). CDMP-1 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 TGFp 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, ALK 1 (also known as TSR1 or ACVRLK 1) (JoHNsoN et al. 1996),
which can bind TGFp or activin when overexpressed with TBRII or ActRIIB
respectively, although the in vivo ligand remains uncertain. ALK, similar to
endoglin, is expressed in endothelial cells and other highly vascularized tissues such
as lung and placenta (ATtTisaNo et al. 1993). Hereditary mutations in ALK1
identified in three ORW families affect critical residues in the kinase domain,
suggesting that the resulting protein is nonfunctional (JounsoN et al. 1996). Thus,
endoglin and ALK1 may play a 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
TGF 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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Note added in proof. The currently accepted nomenclature for vertebrate members of the MAD-related
family of proteins is Smadl through Smad6 (DErRYNCK et al. (1996) Nomenclature: Vertebrate mediators
of TGFp 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 (Pourson 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; KorAN 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 of function 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 (Kipp 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 (Kopczynskir et al. 1988;
VassiN 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**’/fa? Notch
mutant flies (FORTINI and ARTAVANIS-TSAKONAS 1994; Honio 1996). Also, a
complex locus termed Erhancer of split (E(spl)) was identified which, when



Notch Receptors, Partners and Regulators 275

mutated, enhanced or worsened the small and rough eye phenotype in flies with the
split allele of Notch (CaAmMpos-ORTEGA 1991). Su(H) 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-1 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-1 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-1 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-1 compound mutants are collectively referred to as the “lag pheno-
type” (for lin-12 and gip-1) (LAMBIE and KiMmBLE 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-1 and /ag-2, encode homologues of
Drosophila Su(H) 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-1 pathway
components in both organisms. Enhancer/suppressor screens have also been used
to isolate components of the LIN-12/GLP-1 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-1 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-1 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 (CorrMAN 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; KorAN 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-1, 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; Kipp 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 (CaAMPBELL 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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Fig. 1.
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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 (BiIErkaMP 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 Notchl 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-1/2 (UYTTENDAELE et al. 1996). Consensus nuclear localization sequences are indi-
cated. Notch4, Lin-12 and Glp-1 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

X-Delta-2
Serrate
R-Jagged-1
R-Jagged-2

B EGF-like repeats 11 and 12 of Notch Receptors
———repeat 11 repeat 12
DMDE CD}C HAGICYNTP G SIICIICSOGHTGPRIC

ANPCERC SrllcEcddeyTor
Notch 4 C M C G NTPGSFICHERCLEGY TG

C Lin-12/Notch repeat 2 of Notch-family Receptors

ANGVCNQLICN

LIN-12 -BReGFEKE REGGEMEARIFE & NQIIC D
GLP-1 Gi- QRIZF MK PAR ANGVCNQECN
Drosophila -INWANY - ANJE [@WNK| CNEeC H
murine Notch 1 FNDZWKN{E LIQSLQEWKY[H SD[@HEDSQEN SAG{EHF{IAF ]

ECN
D RAM domain of Notch-family Receptors

E

Drosophila FEEdaRAP AAVM-B-RES KQVAMQBQ -@vGQPcl-- HESBD
Notch 1 3 SRR PITNA-ND -GALMDEINQN E|
Notch 2 F R VQVSE ANLIGSTTSE

Notch 3 T 1 ARGALK d MAMAKGENL MBEVVTRLND SECP
Notch 4 L PQTQQAPH G PEAE- -VDEDGVIMC SGPE|

LIN-12 1NA SOBREEMENE EKNRKNHEHI T EA §--UoGYIME QRNELQH-JS LYPNP
GLP-1 S W TYGLREIIYIES T NEKGRRN| H N BAYMHPNT(&Y HCSDYSTGIN GEQYSHI

E cdcl0/ankyrin repeats of Notch-family Receptors

Drosophila IR (A LHWAAAVN
Notch 1 DVNAVDDLGKSALHWAAAVN]
Notch 2 DVNAVDDIGKSALHWAAA

SALHWAAAVNEINVE A
RIALHWAAAVNEINIYRA A

LIS IMAVR

Repeat-5 Notch 3
Notch 4

repeat 1

repeat 2 ETLHEAAR
- repeat 3 7P LHEAATLY
Drosophila repeat 4 QTPLELAAR -
repeat 5 KYAMIWIYAV
repeat 6 ETPLELAAR
LIN-12 rKGRIETALHYAA RSN YiBev /87 EKGE
Repeat-5  (_ grp-1 Hn EEMIM - RS
repeat 1
[repealZ
~ repeat 3
LIN-12 repeat 4
repeat 5
repeat 6

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 cdcl0
domains are shown in order to indicate conservation across species (LNR) or conservation across species
and between domains (cdc10)

Conservation of the 36 individual EGFL repeats between Drosophila and the
vertebrate Notchl 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
(Kipp 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
cdc10/SWI6/ankyrin-related repeat (hereafter referred to ascdc10 repeats) (BREEDEN
and NasmyTtH 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-1

The C. elegans LIN-12 and GLP-1 receptors are highly related to each other and
are related in structure to the Drosophila and vertebrate Notch proteins (Fig. 1)
(YocHeMm and GREENWALD 1989; YocHEM et al. 1988). Both LIN-12 and GLP-1
contain signal sequences and membrane spanning domains for insertion into the
plasma membrane. The LIN-12 protein contains 13 EGFL repeats whereas GLP-1
contains 10. A small sequence is present near the N-termini of both proteins. This
sequence, termed T+, 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-1. Like the Notch proteins discussed
above, the specific EGFL repeats in LIN-12 and GLP-1 are highly related to their
equivalent repeats in each protein. The fact that LIN-12 has 13 repeats and GLP-1
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-1. 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 Seypoux 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 cdcl0 repeats, and PEST sequences. All of these
structural features are conserved between the Notch proteins and the LIN-12/
GLP-1 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-1.

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-1 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 (Delta/Serrate/Lag-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-12/GLP-1 receptors
(Fig. 2) (FrrzGerALD 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 CEeLIs 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 homologues 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-Delta? (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 = DIl in mice and DeltaD in zebrafish) (BETTE-
NHAUSEN et al. 1995; HENRIQUE et al. 1995) (Rat Deltal 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 Jagged! 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 Jaggedl/Serratel orthologue has also been
described (ZIMRIN et al. 1996; Human Jaggedl 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 Jagged1 and Jagged?2
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-1 and Arg-1 (HENDERSON et al. 1994; MELLO et al.
1994; Tax et al. 1994) (Apx-1: 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-1
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-1 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-1 cannot be easily assigned to either Delta or Serrate subfamilies on the basis
of homology. It is interesting to note, however, that Apx-1 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-1 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; Koon 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-1 expressing germ cells in such a
way that the cytoplasmic domain of Lag-2 remains intact and the endocytosed
protein colocalizes with internalized GLP-1 (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-1 can fully substitute for the endogenous
Lag-2 in several developmental contexts. Indeed, secreted DSL domains of either
Lag-2 or Apx-1 are even sufficient to enhance GLP-1 activation by endogenously
expressed Lag-2 protein (F1TzGERALD 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-1. Analogous studies with secreted forms of Delta
or Serrate proteins have yet to be reported.

A dominant allele of Xenopus Deltal (X-Deltal®"Y) has been described which
can inhibit activation of endogenous Notch when ectopically expressed in Xenopus
embryos (CuiTnis et al. 1995). This mutant was created through deletion of
C-terminal sequences from Deltal. The effect of X-DeltalS"V 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(0) 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-1
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-1 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-DeltalSTV,
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-1 and Arg-1 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 Ckus 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 fly 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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(AXxELROD 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 (GoopE et al. 1996a). These and other interactions could be envisioned to
occur through Notch or through the formation of a multisubunit 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; Kipp 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 (Goobe
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 are 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 mem