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The EH domain is an evolutionary conserved pro-
tein-protein interaction domain present in a growing
number of proteins from yeast to mammals. Even
though the domain was discovered just 5 years ago, a
great deal has been learned regarding its three-dimen-
sional structure and binding specificities. Moreover, a
number of cellular ligands of the domain have been
identified and demonstrated to define a complex net-
work of protein—-protein interactions in the eukaryotic
cell. Interestingly, many of the EH-containing and EH-
binding proteins display characteristics of endocytic
“accessory” proteins, suggesting that the principal
function of the EH network is to regulate various steps
in endocytosis. In addition, recent evidence suggests
that the EH network might work as an “integrator” of
signals controlling cellular pathways as diverse as en-
docytosis, nucleocytosolic export, and ultimately cell
proliferation. © 1999 Academic Press
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INTRODUCTION

Many cellular functions, including proliferation, dif-
ferentiation, cytoskeleton organization, and apoptosis,
are regulated through a complex intracellular network
of signal transducers. Specialized protein domains,
such as the SH2, SH3, PTB, or WW domain, mediate
this vast array of interactions by binding to specific
sequences located in target proteins (for reviews see
[1-4] and references therein). Within individual trans-
ducing proteins, protein interaction domains have
evolved to recognize specific consensus sequences in
which some positions must be occupied by given amino
acids while others can vary. The list of specialized
binding domains, and the definition of their binding
partners, are continuously growing, due to the exploi-
tation of powerful techniques such as yeast two-hybrid,
cDNA expression screening, and screening of phage-
displayed combinatorial peptide libraries. In addition,
increased genomic sequencing, coupled to computa-
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tional tools, allows the prediction of additional novel
protein domains, many of which can be reasonably
expected to be protein—protein interaction domains.

Many intracellular signaling proteins display a mod-
ular organization comprising several independently
folded binding domains. Each of these domains is able
to recognize specific sequences on diverse target pro-
teins, thus allowing the formation of multimeric com-
plexes. The domains contribute to the function of the
protein, by targeting proteins to specific cellular com-
partments, and for enzymes, by recruiting protein sub-
strates. The relationship between a protein’s function
and its modular make-up is so informative that in
many cases the biological function of a protein can be
partially inferred from the analysis of the domains
themselves. A nice example of such a correlation is
given by the recently identified EH domain, the subject
of this review. The identification of a number of EH-
containing and EH-binding proteins, together with
functional data about the role of these proteins, has
revealed the existence of an intracellular EH-based
protein—protein interaction network. This interaction
network is involved in cellular functions as diverse as
endocytosis, nucleocytosolic export, and ultimately in
the control of cell proliferation.

THE EH DOMAIN: STRUCTURE AND
BINDING SPECIFICITY

The EH domain was initially identified as a repeated
sequence present in three copies in the NH,-termini of
Epsl5 and of the related molecule Eps15R, two sub-
strates of the epidermal growth factor receptor (EGFR)
tyrosine kinase [5-7]. The EH domain has a protein—
protein interaction surface, as demonstrated by its
ability to interact with proteins from different cell
types in filter binding assays [7]. Since then, EH do-
mains have been observed in proteins in yeast, nema-
todes, frogs, and mammals. The typical EH domain in
these various organisms is ~100 amino acids long with
~50% of the positions showing >50% similarity. EH
domains are frequently, but not obligatorily, present in
multiple copies and they may include calcium-binding
domains of the EF hand type (for recent reviews see

[8, 9]).
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Recently the structure of the second EH domain of
human Eps15 has been solved by heteronuclear mag-
netic resonance spectroscopy [10] (Fig. 1). It contains
two closely associated helix-loop-helix motifs connected
by a short antiparallel B-sheet; the two loops are close
to each other on one side of the structure, whereas the
NH,- and COOH-termini of the domain are together at
the opposite side. The predicted amino acid sequence of
the second EH domain of human Eps15 revealed the
presence of two calcium-binding motifs of the EF hand
type, although NMR showed that only a single calcium
ion is bound by the second EF hand (Fig. 1). The tight
association with calcium suggests a structural role for
this ion and predicts that physiological calcium varia-
tions may not play a regulatory role in the EH domain
function (Fig. 1). Limited experimentation has shown
that the binding of the central EH domain to filter-
blotted proteins is not calcium-dependent [7]. The
structures of the N-terminal domain of Eps15 and the
solitary EH domain of POB1 have also been solved
[11, 12].

A variety of approaches has been employed to deter-
mine the target sequences that bind to EH domains.
Salcini et al. [13] used the EH domains of Epsl15 and
Epsl5R to screen a phage-displayed combinatorial
peptide library, which led to the identification of the
motif asparagine—proline—phenylalanine (NPF) as op-
timal ligand preference for the EH domain. Consistent
with this finding, screening a human fibroblast expres-
sion library with the EH domains of Epsl5 yielded
several cDNA clones, representing bona fide EH-bind-
ing proteins. Among these are (i) Numb, the human
homologue of Drosophila Numb; (ii) a Numb-related
protein, Numbl (Human Gene Nomenclature Commit-
tee-approved symbols are used throughout this re-
view); (iii) Hrb, a protein involved in nucleocytosolic
transport; and (iv) a Hrb-related protein, Hrbl (see
below for details). These proteins displayed no se-
quence similarities among themselves, except for the
presence of one or more copies of the NPF motif, which
were experimentally demonstrated to be sufficient for
binding to Epsl15 as short peptides [13]. In addition,
mutagenesis of the unique NPF motif of Numb to NAA
(asparagine—alanine—alanine) severely impaired inter-
action with Eps15 in vivo, clearly demonstrating that
the motif is required for interaction with EH domains.
In contrast, mutational analysis of the NPF-containing

FIG. 1. The three-dimensional structure of the central EH do-
main of Epsl5. In A, the secondary structure of one representative
structure of the domain (Protein Database No. 1EH2), which was
deduced by NMR [10], is shown. The four « helices are labeled in red
(i.e., «A—aD) and the B-sheets are labeled in blue. The calcium ion is
shown in green. In B, three critical residues are highlighted. These
residues are highly conserved among EH domains and form a hydro-
phobic pocket on the surface of the domain (C).
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peptide of Hrb revealed a more complex pattern of
interactions. Even though mutation of individual
amino acids of the NPF motif of Hrb completely abol-
ished binding to Eps15 in vitro, alanine scanning of
amino acids surrounding the NPF motif revealed that
positions —1, —2, and + 1 also contributed to the
interaction.

The molecular specificity of EH binding was further
investigated by Paoluzi et al. [14], who tested 11 dif-
ferent EH domains from yeast and mammalian pro-
teins for binding to phage-displayed peptides. Not only
did they confirm that the NPF motif is the core se-
quence of most EH-binding peptides, they also showed
that individual EH domains prefer NPF motifs within
specific contexts. These data demonstrated that the
NPF motif is necessary, but not sufficient, for binding
to the majority of the EH domains and suggested that
surrounding amino acids are also required, possibly to
modulate the fine specificity of the interactions. Fur-
thermore, some EH domains, such as the C-terminal
EH domain of Eps15 and the two N-terminal domains
of the yeast YBL47c protein, recognize peptides char-
acterized by the presence of aromatic and hydrophobic
di- and tripeptides, such as FW, WW, or SWG. These
ligands are designated as class Il peptides, whereas
NPF-containing peptides are referred to as class | li-
gands. A third class of ligands, H(S/T)F, was selected
from the phage libraries with the EH domain of the
yeast protein End3p. It is currently unknown if ligands
other than NPF represent bona fide ligands or whether
they represent mimotopes (i.e., short peptides with
different primary but similar tertiary structures).

The NMR structure of the central EH domain of
Epsl5, complexed to a peptide derived from the C-
terminal region of Hrb [10], has been obtained. The
structure revealed that the NPF-containing peptides
fit into a hydrophobic pocket formed by conserved res-
idues in helices aB and «C of the domain (Fig. 1). Three
conserved residues, Leul55, Leul65, and Trpl169, form
the bottom of the hydrophobic pocket and contact di-
rectly the NPF residues in the ligand, whereas other
residues around the edge of the pocket likely contribute
to the specificity of binding to peptide ligands (Fig. 1).
The importance of these conserved residues within the
EH domain has been experimentally proven. Mutation
of some of these residues to Ala completely abolished
binding, whereas conservative mutations had a less
dramatic effect [10, 14]. The orientation of the peptide
on the hydrophobic surface could not be defined due to
the low affinity of the peptide for the domain. This
problem might be overcome in the future by use of
cyclic NPF-containing peptides, which display a higher
affinity for EH domains than their linear counterparts
[15], possibly by mimicking a turn conformation that is
likely to be adopted by asparagine—proline dipeptides
within proteins [16].
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EH-CONTAINING PROTEINS

Eps15 and Eps15R

Eps15 cDNAs were originally cloned from mouse and
human and encode for proteins of 897 and 896 amino
acids, respectively. A different gene encodes for
Epsl15R (Epsl5 Related), a highly related protein of
907 amino acids [7, 17]. A homologue of Eps15, named
EHS-1 (Epsl5 Homologue Sequence 1), is present in
the nematode Caenorhabditis elegans, indicating evolu-
tionary conservation. In each case, these proteins contain
three copies of the EH domain in the NH,-terminal re-
gion, a central coiled-coil region, and a COOH-terminal
region, which is characterized by repeated DPF (aspartic
acid—proline—phenylalanine) tripeptides (Fig. 2).

The central coiled-coil region of Eps15 is important
for homodimerization of Eps15 and heterodimerization
with other proteins, including Eps15R [17] and Inter-
sectin [18]. Cross-linking and gel-filtration experi-
ments have demonstrated that essentially all of the
Epsl5 in the cell is in macromolecular complexes [19].
Electron microscopy of rotary shadowed recombinant
Epsl5 molecules [20] has revealed Epsl5 to be an
elongated molecule with a globular head (correspond-
ing to the EH domains), a “stalk” (corresponding to the
coiled-coil region), and a “kink” (corresponding to the
C-terminal region). Epsl5 can form homodimers,
where two molecules are arranged parallel to each
other, as well as homotetramers, in which dimers are
associated in an antiparallel fashion. The close appo-
sition of the NH,- and COOH-terminal regions of
Eps15 in tetrameric complexes requires close contacts
between the EH domains of one dimer and the C-
terminal regions of the other dimer.

The C-terminal regions of Epsl5 and Eps15R con-
tain multiple copies of the DPF tripeptide that bind to
a-adaptin, a subunit of the clathrin adaptor complex,
AP-2 (Fig. 3). AP-2 plays a major role in clathrin-
mediated endocytosis by recruiting several structural
and regulatory protein components of the endocytic
machinery to ligand-activated receptors in the plasma
membrane [21-25] (Fig. 3). In the cell, most of the
Eps15 or Eps15R molecules are complexed with AP-2;
however, since AP-2 is more abundant than Eps15,
more than 90% of the AP-2 molecules are not associ-
ated with Epsi15 [26].

Mapping of the surfaces involved in the interaction
has revealed that a-adaptin binds to Epsl15 through
one of its appendage domains, the so-called “a-ear”
[27-29]. This region is believed to coordinate the spa-
tial and temporal recruitment of several regulatory
components of the endocytic machinery such as am-
phiphysin 1, AP-180, auxillin, Epsins, Epsl5 and
Eps15R, and possibly dynamin | [25, 30-34]. The in-
teraction surface on Epsl5 has been mapped to amino
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FIG. 3. Molecular interactions in endocytosis. The AP-2 complex (a2, B2, 02, and n2) is shown complexed with the sorting signal (Yx®®)
of a transmembrane receptor. The AP-2 complex recruits a variety of proteins to the site of clathrin-coated pit formation. This diagram
highlights the involvement of EH, SH3, ENTH, ENTH-like, and VHS domain-containing proteins in receptor-mediated endocytosis in
mammals. Eps15 and Intersectin are shown heterodimerized, presumably through the formation of coiled-coils [18]. Molecular interactions
between proteins involving EH domains (green) and their NPF tripeptide ligands (bars) are shown as green lines. In some cases (i.e., ENTH
domain, VHS domain), the nature of the molecular interaction(s) is unknown.

FIG. 2. The architecture of EH domain-containing proteins. The EH domains are shown in green. The positions of SH3, DH, PH, and C2
domains are denoted in the proteins, along with potential coiled-coil regions. Potential ligand sites for the a-ear of AP-2 and SH3 domains
are shown as DPF and PxxP, respectively. The yeast protein End3p contains a second region of similarity to the EH domain that is denoted
as EH’. The proteins are drawn to scale with the bar corresponding to 100 amino acids. A color-coded legend is also provided. Other
EH-containing proteins, identified so far in different organisms, include (in parentheses are the GenBank accession numbers) in Homo
Sapiens, HPAST (AF001434.1) and its rat and D. melanogaster homologues MGEPS (AF081251.1) and PAST-1 (U70135.1); in C. elegans, the
Eps15 orthologue EHS-1 (U29244.1) and the predicted proteins of genes Y116A8C.36 (AL117204.1) and R10E11.6 (P34550); in S. pombe, the
predicted products of genes SPA1687.09 (AL035064.1), SPAC27F1.01c (269368.1), and SPBC83.01 (AL035536.1); in P. falciparum, sarcalu-
menin (U84395.1); in Emericella nodulans, SAGA (U28804.1); and in Arabidopsis thaliana, the product of gene F8K7.4 (AC007727.2).
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acids 623-750 of mouse Epsi15 [28, 29]. This region of
Eps15 contains several copies of the DPF motif, which
has been recently shown to be a target sequence for the
appendage domain of a-adaptin in vitro [25, 34]. Thus,
binding of Epsl5 and a number of other proteins to
a-ear is likely to be mediated through their DPF re-
peats. However, as indicated by mapping studies [28,
29], other sequences in the C-termini of Epsl5 and
Eps15R likely influence binding.

The C-terminal region of Epsl5 and Epsl15R also
contains a proline-rich segment that is a potential tar-
get for SH3 domain-containing proteins. Indeed, the
SH3 domains of Crk bind to this proline-rich region,
both in Epsl5 and in Epsl15R [35]. The functional
meaning of this interaction, which has only been dem-
onstrated in vitro, remains to be elucidated.

Epsl5 is a cytosolic protein, as assessed by fraction-
ation studies [5]. By indirect immunofluorescence (IF),
Epsl5 and Eps15R can be found in punctate structures
scattered throughout the cytoplasm and concentrated
in the perinuclear region [17, 26, 36]. A small amount
of Eps15R has also been detected in the nucleus, by
both biochemical fractionation and IF experiments
[17]. Co-immunoprecipitation experiments have re-
vealed that Eps15 is associated with the protein com-
ponents of coated pits and vesicles, including, not sur-
prisingly, AP-2 [26-29, 36]. While these observations
originally supported the hypothesis that Epsl5 is a
component of the endocytic machinery, it was yet ob-
served that Epsl5 (and Epsl5R) localization did not
change appreciably following EGF-stimulated receptor
internalization [26, 36]. More recently, however, by
surface-labeling cells with EGF at 4°C, then inducing
endocytosis at 37°C, it has been possible to demon-
strate a dramatic relocalization of Eps15 to the plasma
membrane [37].

Additional support for a role of Eps15 in endocytosis
has come from ultrastructural analysis in which Eps15
has been localized to several organelles of the endocytic
route, including coated pits, vesicles, and endosomes
[26, 37]. Epsl15 is restricted to the rim of the budding
coated pit, which is the growing part of a forming pit,
whereas it is absent from the deeper part of the invag-
inated pit [26]. This observation was not immediately
reconcilable with its interaction with AP-2, which is
present on the entire profile of a coated pit. Elegant in
vitro studies by Kirchhausen’s group, however, have
demonstrated that the interaction between Eps15 and
AP-2 is disrupted when clathrin binds to the latter
[38]. In an AP-2-dependent in vitro coat assembly as-
say, the polymerization of clathrin only occurred with
the exclusion of Epsl15. Thus, during assembly of the
coat in vivo, the only site where Eps15 remains asso-
ciated with AP-2 is the growing part of the pit, the rim,
where no clathrin polymerization has taken place yet.
Accordingly, it was demonstrated that while the cyto-
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solic pool of Epsl5 is associated with AP-2 with an
almost 1:1 stoichiometry, the two molecules co-immu-
noprecipitate much less efficiently from the plasma
membrane-associated fraction [26].

Epsl5 appears to be almost totally absent from
clathrin-coated vesicles as analyzed by electron micros-
copy [37] or by biochemical characterization of vesicles
isolated from brain [38]. Its association with later or-
ganelles of the endocytic route, i.e., uncoated vesicles
and endosomes, is however readily detectable [37]. Pre-
sumably Epsl5 is retargeted to endocytic organelles,
once clathrin has been shed from the vesicles, suggest-
ing multiple functions for this molecule at different
steps of the endocytic route.

A formal demonstration of the functional involve-
ment of Eps15 and Eps15R in endocytosis came from
studies in which Eps15 function was perturbed by ei-
ther overexpression/microinjection of truncated forms
of Eps15 or microinjection of anti-Eps15 antibodies [39,
40]. Introduction of the C-terminal region of Epsl5,
encompassing the AP-2 binding site, acts as a domi-
nant negative in blocking the endocytosis of EGF,
transferrin, or Sindbis virus. The inhibition of EGF
and transferrin uptake, observed upon microinjection
of neutralizing antibodies, demonstrates that the effect
was not merely due to titration of the AP-2 adaptor, but
rather indicates that Eps15 is actively required for the
endocytic process [39]. Data obtained with the C. el-
egans homologue of Epsl5 support a similar role in
lower eukaryotes. Depletion of EHS-1 results in a tem-
perature-sensitive uncoordinated phenotype in nema-
todes (A. E. Salcini and P. P. Di Fiore, unpublished)
similar to that observed for dynamin mutants, a
GTPase involved in the fission of coated vesicles from
the plasma membrane into the cytoplasm [41].

Epsl5 and Eps15R undergo multiple posttransla-
tional modifications, including monoubiquitination
[42] and tyrosine phosphorylation [5, 17], that are trig-
gered by EGFR activation. In vitro, Eps15 is a sub-
strate for the EGFR kinase, supporting the notion that
it might be directly phosphorylated by activated
EGFR. However, the functional meaning of tyrosine
phosphorylation of Epsl5 remains unknown. It is less
clear how activation of the EGFR might stimulate
monoubiquitination of Epsl15. In addition, although
several studies point to a function of ubiquitination in
the internalization process [43—45], the role for this
modification in endocytosis is still unresolved.

Other evidence supports a role for Epsl5 serine—
threonine phosphorylation in synaptic vesicle recy-
cling, a process whose molecular machinery largely
overlaps with that of “classic” endocytosis. Epsl15 is
highly expressed in nerve terminals where it is subject
to constitutive serine—threonine phosphorylation. In-
terestingly, upon stimulation of nerve terminals,
Epsl5 undergoes rapid dephosphorylation [46] and
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shows an increased affinity for AP-2. These biochemi-
cal events are a general feature of endocytic proteins in
nerve terminals [47], as calcium-stimulated dephos-
phorylation favors the endocytosis of synaptic vesicle
membranes after a stimulation-dependent burst of exo-
cytosis. Moreover, Epsl5 undergoes phosphorylation
during mitosis [46], an event that might contribute to
the well-known block of clathrin-mediated endocytosis
during this phase of the cell cycle. All these data clearly
identify Eps15 as a crucial molecule for the clathrin-
mediated endocytic process, both in presynaptic nerve
terminals and in nonneuronal tissues.

In addition to the established role for Epsl5 and
Eps15R in endocytosis, some other observations indi-
cate additional functions of these proteins in mamma-
lian cells. Human Eps15 has been mapped to chromo-
some 1p31-p32, a region displaying nonrandom
chromosomal abnormalities, including deletions in
neuroblastoma and translocations in acute lympho-
blastic and myeloid leukemias [6]. In two transloca-
tions t(1;11) (p32;q11), described in rare cases of my-
eloid leukemias, the Eps15 gene was found fused to the
MLL (also known as HRX/ALL-1) gene [48], resulting
in MLL mislocalization and possible alteration of its
function [49]. This finding, together with the ability of
overexpressed Eps15 to transform NIH3T3 cells, albeit
with low efficiency [5], indicates that subversion of
Eps15 function might lead to alterations in cell prolif-
eration.

Intersectins

Intersectins comprise another family of EH-contain-
ing proteins (Fig. 2). Intersectin was originally identi-
fied in a screening of a Xenopus laevis oocyte expres-
sion library, with SH3 peptide ligands as probes [15].
Frog Intersectin, as well as the two murine homo-
logues, known as Esel and Ese2 [18], and the two rat
homologues, known as EHSH1 and EHSH2 [50], con-
tain two EH domains in the N-terminal region, a cen-
tral coiled-coil domain, and five C-terminal SH3 do-
mains. A human form of Intersectin (ITSN) has also
been identified through genomic analysis of chromo-
some 21 [51]. The C-terminal regions of the mamma-
lian Intersectins differ due to alternative splicing. Al-
ternative splicing in the stop codon of all these genes
gives rise to extended isoforms containing Dbl homol-
ogy (DH), Pleckstrin homology (PH), and C2 domains
[18, 50-52] (Fig. 2). The long form is predominantly
expressed in neurons, whereas the short form is ex-
pressed in glial and other nonneuronal cells [18, 52].

Intersectin colocalizes with clathrin at the plasma
membrane in both cultured hippocampal neurons and
COS-7 cells [15, 52]. Intersectin has also been shown to
interact with a variety of endocytic proteins (Fig. 5). It
binds to dynamin and synaptojanin through its SH3
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domains [15, 18] and to epsin (see below) through its
EH domains and is constitutively associated to Eps15
and Eps15R via its coiled-coil region [18]. Moreover,
the central region of rat Intersectin interacts with
SNAP-25, a membrane protein involved in exocytosis
of synaptic vesicles [50]. The Drosophila homologues of
Intersectins, Dap-1 and Dap-2 (for Dynamin-Associ-
ated Protein), contain four, instead of five, SH3 do-
mains, bind to dynamin and synaptojanin as well, and
colocalize with dynamin at sites of synaptic vesicle
recycling at nerve terminals [53].

Because of their interactions with multiple protein
components of the endocytic machinery, Intersectins
were originally believed to take part in the endocytic
process. Experimental validation of this hypothesis
came from overexpression of mouse Intersectin in cul-
tured cells, where it blocked clathrin-mediated endocy-
tosis, likely through perturbation of the many proteins
that may assemble onto scaffold created by the Inter-
sectin/Eps15 heterodimer [18]. In particular, in an in
vitro reconstitution assay Intersectin SH3 domains
have been shown to act early in clathrin-coated vesicle
formation [175].

In addition to Intersectin’s general function in endo-
cytosis, the long isoforms of Intersectin might be ex-
pected to have specialized functions. DH domains act
as guanine nucleotide exchange factors (GEFs) on Rho-
like GTPases and regulate both the actin cytoskeleton
and several signal transduction pathways; PH do-
mains mediate the interaction with inositol phospho-
lipids, and C2 domains mediate calcium-dependent
phospholipid binding. The roles of the long isoforms of
Intersectins, which are likely to be exerted in neuronal
cells where they are expressed, remain to be explored.

Reps1/POB1

Two other EH domain-containing proteins were re-
cently identified, based on their interaction with
RalBP1/RLIP/RLP [54-56], a GTPase-activating pro-
tein for CDC42 and Rac that acts downstream of Ras.
The two proteins were designated Repsl, for RalBP1-
associated Eps-homology protein, and POB1, for Part-
ner of RalBP1 [57, 58] (Fig. 2). Reps and POB1 were
cloned from mouse and human, respectively. They dis-
play around 40% amino acid similarity and most likely
represent two distinct genes, isolated in different spe-
cies, rather the murine and human orthologues of the
same gene. The two proteins have, however, remark-
able colinear topology, displaying, from the NH, to the
COOH-terminus, one EH domain, two proline-rich re-
gions, a RalBP1l-interacting domain, and a putative
coiled-coil region (Fig. 2). Both Repsl and POBL1 are
tyrosine phosphorylated in response to EGF stimula-
tion. POBL1 interaction with the EGF receptor is most
likely mediated by an adaptor, such as Grb2; interac-
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tions with the SH3 domains of Grb2 and Crk (this
latter one only in the case of Repsl) have been demon-
strated [57, 58]. Finally, the solution structure of the
EH domain of POBL1 has been solved by nuclear mag-
netic resonance spectroscopy [12].

To explore what proteins may interact with the EH
domain of POB1, potential binding partners were pu-
rified from bovine brain membrane extracts on a GST—
POB1-EH column (Fig. 3). Two interacting proteins
were identified, the NPF-containing protein Epsin and,
surprisingly, Eps15R [59, 60]. To establish whether
POB1 was interacting with Eps15 or Eps15R directly
or indirectly, filter overlay assays were performed with
bacterially purified proteins. The finding that the EH
domain of POBL interacts directly with the C-terminal
region of Epsl5, which does not contain NPF motifs
[59], supports the observation that EH domains may
recognize motifs other than NPF. Further analysis will
clarify whether the EH domain of Reps1/POB1 binds to
one of the class Il peptides identified by Paoluzi et al.
[14] or to a new motif.

In keeping with a general function for the EH net-
work in endocytosis, overexpression of POB1 deletion
mutants has been shown to inhibit internalization of
EGF and insulin. In particular, both a mutant contain-
ing only the EH domain of POB1 and a deletion mutant
lacking the EH domain acted as dominant negatives on
ligand-stimulated endocytosis, although constitutive
transferrin uptake was not impaired by these mutants
[59]. POB1 may function to transmit signals from ac-
tivated receptors to the endocytic machinery, possibly
through Eps15, Epsin, and the AP-2—clathrin complex,
thereby regulating EGF- or insulin-dependent endocy-
tosis. If this turns out to be true, it is temping to
speculate that such complex formation might be regu-
lated in a phosphorylation-dependent manner.

Other Mammalian EH-Containing Proteins

Another protein that has been isolated from mam-
mals, which contains a copy of the EH domain, is
EHD1 (EH Domain-containing protein 1) (Fig. 2). It is
conserved in mammals, Drosophila, and nematodes
[61]. The predicted protein sequences contain one EH
domain at the COOH-terminus, a central coiled-coil
structure, and a nucleotide binding consensus site at
the NH,-terminus. In cultured cells, EHD1 is localized
to transferrin-containing endocytic vesicles [61]. Thus,
its predicted protein structure, as well as its subcellu-
lar localization, points to a possible role for EHDL1 in
receptor-mediated endocytosis, although further de-
tails are required to establish the molecular interac-
tions linking this protein to the endocytic machinery.

In addition to proteins involved in the internaliza-
tion process, another EH-containing protein was found
associated with the y subunit of the adaptor complex
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AP-1, extending the EH-mediated network to events
associated to budding from the Golgi compartment.
This protein, named y-synergin (Fig. 2), binds directly
to the ear domain of y-adaptin, but not to a-adaptin,
and is found associated to AP-1 in the TGN and in the
cytosolic fraction; in addition, it is enriched in clathrin-
coated vesicles. A chimeric construct, in which the ear
appendage of y-adaptin is substituted for the homolo-
gous domain of a-adaptin, targets to the plasma mem-
brane. Upon overexpression of this construct, y-syner-
gin is also rerouted to the membrane, suggesting that
it follows AP-1 onto membranes, rather than directing
it there. The role and the function(s) of y-synergin
remain to be elucidated [62].

EH Domain-Containing Proteins in Yeast

As the entire nucleotide sequence of Saccharomyces
cerevisiae is currently available, computer analysis has
revealed the existence of five EH domain-containing
proteins, End3p, Panlp, YBLO47cp (Panlp-like),
YJL083wp, and YKRO019¢cp [8, 14, 63] (Fig. 2). Panlp
and YBLO47cp contain two and three NH,-terminal
EH domains, respectively. End3p contains a single
bona fide EH domain in its NH, terminus and a second
region of limited similarity (EH-like) in its central por-
tion (Fig. 2). YJL083wp and YKR019cp are homologous
proteins of unknown function, with a single C-terminal
EH domain.

End3p was cloned by complementation of a temper-
ature-sensitive mutant, end3, defective in the internal-
ization step of the a-factor endocytosis [64, 65]. End3p
was subsequently shown to be required for the inter-
nalization of several other plasma membrane proteins,
such as Ste6p [66] and the uracil and inositol per-
meases [67, 68]. In addition, End3p is required for the
correct organization of the actin cytoskeleton [65]. In
addition to its EH and EH-like domains, End3p con-
tains a consensus sequence for the binding of phospha-
tidylinositol 4,5-biphosphate (PIP,) in the central re-
gion and two short repeats in the C-terminal region.
Structure—function studies have demonstrated that
the EH domain and the repeated regions in the C-
terminus are required for protein function.

As with End3p, Panlp is required for both the endo-
cytic process and the normal organization of the corti-
cal actin cytoskeleton. Mutants of the PAN1 gene ex-
hibit defects in both fluid-phase and receptor-mediated
endocytosis [69] and accumulate vesicles and tubulove-
sicular structures as well as plasma membrane invagi-
nations [63]. Moreover, loss of activity or overproduc-
tion of Panlp results in abnormal distribution of the
actin cytoskeleton at the cell cortex and panl mutants
exhibit abnormal bud growth and severe defects in
cytokinesis. In immunofluorescence studies, Panlp
was found localized with cortical actin patches [70]. At
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the structural level, Panlp has several similarities
with Epsl5; it contains two EH domains in the N-
terminal region, a central region with a putative coiled-
coil structure, and a proline-rich region at the C-ter-
minus. Similarly to Epsl5, Panlp fractionates, in
gel-filtration experiments, in a range consistent with
high-molecular-weight complexes, possibly through
coiled-coil-mediated interactions, either with itself or
with other coiled-coil-containing proteins [71]. It is not
known whether Panlp represents a true yeast ortho-
logue of Eps15. However, it is worth mentioning that
another yeast protein, YBL047cp, displays a higher
degree of amino acid sequence similarity and con-
served topology with Eps15 than Panlp.

End3p and Panlp associate with each other and act
as a complex in vivo [69]. Several experiments support
the biological relevance of this interaction. Not only do
both the end3 and panl mutants display similar phe-
notypes, but, in the end3 mutant, Panlp localization is
altered, resulting in a diffuse cytoplasmic staining.
This observation suggests that End3p might be re-
quired either for the targeting or the stabilization of
Panlp to the cortical actin cytoskeleton.

The finding that Panlp-stained membrane struc-
tures are not always associated with actin patches
argues against the hypothesis that the End3p/Panilp
complex acts on endocytosis as a consequence of its role
on the actin cytoskeleton [63, 69]. Definitive proof that
it is indeed the case was obtained when the association
between Panlp and several endocytic proteins was re-
ported. The EH domains of Pan1p were found to inter-
act directly with yAP180A and yAP180B, the two yeast
homologues of AP180, a mammalian clathrin assembly
protein that exhibits in vitro clathrin cage assembly
activity (see below). Furthermore, a genetic interaction
was demonstrated between Panlp and Sjl1, one of the
three yeast homologues of mammalian synaptojanin,
also implicated in endocytosis ([71], see also below).
Finally, a genetic interaction was identified between
Panlp and Rsp5, a ubiquitin—protein ligase required
for endocytosis [72]. One of Panlp’s functions might be
to bring Rsp5p in proximity to the cytosolic tails of
certain plasma membrane proteins that are destined
for ubiquitination and endocytosis. Alternatively,
Panlp might be ubiquitinated by Rsp5p, just as Eps15
is ubiquitinated in mammalian cells, upon ligand-in-
duced endocytosis of receptors. These results demon-
strate that the Panlp/End3p complex is a multivalent
adaptor that coordinates interactions between proteins
required for the internalization process and actin cy-
toskeleton organization.

In S. cerevisiae the sequence NPFXD has been ob-
served to act as an endocytic signal [73]. This motif
occurs in the cytoplasmic tails of the Kex2p membrane
protein and the «-factor receptor Ste3p. Internaliza-
tion of Kex2p is abolished when the N, P, or F residues
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are converted to alanine, and mutations in this se-
quence prevent pheromone-stimulated internalization
of Ste3p. Moreover, a NPFSD motif was sufficient to
restore the uptake when added to the C-terminus of an
endocytosis-defective Ste2p mutant. Given the overlap
of the NPF and the NPFXD motifs, it is intriguing to
speculate that endocytosis of these and other yeast
receptors harboring NPFXD motifs is mediated by the
Panlp/End3p complex or other yeast EH domain-con-
taining proteins.

EH-BINDING PROTEINS

In searching for cellular ligands that interact with
EH domain-containing proteins, a number of ap-
proaches have been utilized, including screening of
cDNA expression libraries, affinity purification, and
noting the presence of multiple NPF motifs in the
primary structures of certain proteins. These efforts
have led to the identification of several interacting
proteins that help define the functions and the rele-
vance of the EH-mediated network of interactions
within the cell.

Numb and Numbl

By direct screening of an expression library with the
EH domains of Epsl5, several putative interactors
were isolated [13]. Among these were Numb, a mam-
malian homologue of the developmentally regulated
Numb gene of Drosophila, and Numbl (also known as
Nbl or Numb-R), a related protein [13, 74-78]. Mam-
malian Numb and Numbl as well as Drosophila Numb
(dNumb) contain a phosphotyrosine-binding (PTB) do-
main in their NH,-termini and NPF motifs (Fig. 4).
Drosophila Numb is a membrane-associated protein
that determines cell fate in several lineages during
both nervous and muscle system development [75, 79,
80]. In all these lineages the Numb protein undergoes
asymmetric partitioning into one of the sibling cells
during mitosis of the precursor [75, 81-83]. The bio-
logical function of Numb is to negatively regulate the
Notch signaling pathway [77, 84—88]; Notch is a con-
served transmembrane receptor that plays a key role
in cell fate establishment in a variety of tissues and
organisms through local cell interactions (reviewed in
[89-91]). Numb physically interacts with the cytosolic
tail of the Notch receptor via its PTB domain [77, 86,
88].

There are several lines of evidence that suggest that
mammalian Numb (mNumb) may play a role in mam-
malian development similar to that of the Drosophila
protein. First, ectopically expressed mNumb is asym-
metrically partitioned in dividing Drosophila progeni-
tor cells and can rescue the dNumb mutant phenotype
[76, 77]. Second, in the mouse embryo, Numb is ex-
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FIG. 4. The architecture of several cellular ligands of the EH domain-containing proteins. The relative locations of the tripeptide motif,
NPF, are shown in the proteins with black bars. The locations of potential ligand sites for the a-ear of AP-2, SH3 domains, and heavy chain
of clathrin are shown as DPF/W, PxxP, and LVDLD and LLDL-COOH, respectively. One DPW tripeptide is denoted in the ENTH domain
with an asterisk. CALM contains an ENTH-like domain at its N-terminus [110]. EAST contains a tyrosine-based activation motif (TAM
[143]). The positions of other domains, such as Sacl, PTB, and Zn finger domains, are also indicated. The proteins are drawn to scale with

the bar corresponding to 100 amino acids.

pressed in the ventricular zone of the developing brain,
where dividing neuroblasts are located [76, 77], and
the ectopic expression of some isoforms of Numb pro-
tein in multipotent cell lines biases precursors toward
the neuronal phenotype [76, 92]. Finally, mammalian
Numb has been shown to interact with the correspond-
ing Notch homologues [77].

In spite of extensive genetic studies, little is known
about the biochemical function of Numb. The molecu-
lar mechanism(s) underlying the antagonistic role of
Numb on Notch signaling is likewise obscure. The par-
ticipation of Numb in the EH network, however, pro-
vides a working hypothesis to investigate a potential
role of Numb in endocytosis. In this regard, it is noted
that Numbl and Numb contain one and two copies of
the DPF motif, respectively, which is a known ligand
for the appendage domain of a-adaptin [34]. We have
also demonstrated that Numb directly binds to the
a-ear of AP-2 (E. Santolini and P. P. Di Fiore, unpub-
lished). It will be of interest to determine whether

Numb is part of the endocytic machinery and whether
this putative function is linked to its role in develop-
ment.

Hrb and Hrbl

The Rev-associated binding/Rev-interacting protein
Hrb (also known as RAB or Rip) [93, 94] and the
related Hrbl (also known as RAB-R) [13] were isolated
from the screening of both a human expression library
with the EH domains of Eps15 [13] and a mouse ex-
pression library with the EH domains of frog Intersec-
tin [15]. Both Hrb and Hrbl display a zinc-finger region
in their NH,-termini and contain several FG (phe-
nylalanine—glycine) repeats, which are characteristic,
although not predictive, of nucleoporins. The two pro-
teins also contain four NPF motifs, located toward the
COOH-terminus of the proteins (Fig. 4).

In both human and mouse Hrb, deletion or mutation
of the four NPFs completely abolished binding to the
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EH-interacting proteins, whereas fusion of the NPF-
containing region to GST resulted in strong binding to
the EH domains ([15], M. Doria and P. P. Di Fiore,
unpublished). Moreover when a GST-fusion protein
containing the last NPF motif of Hrb was tested,
Yamabhai et al. [15] found that binding to Intersectin
was progressively impaired upon introduction of one or
more residues at the C-terminus of the fusion protein.
This result underscores the contribution of residues
flanking the NPF motif in binding to certain EH do-
mains.

Hrb is a cellular cofactor of the HIV-1 Rev protein.
Rev shuttles between the nucleus and the cytoplasm of
an infected cell, directing cytoplasmic export of specific
unspliced and partially spliced transcripts of the viral
genome that carry Rev-binding nucleotide sequences,
termed the Rev response element (RRE). Rev is be-
lieved to function by adapting the viral machinery to a
cellular pathway that normally exports endogenous
RNAs, such as the 5S rRNA and the U1 snRNA, as well
as several proteins which, like Rev, contain a nuclear
export signal (NES) ([95-98], see [99] for a review).
This cellular pathway is now operationally referred to
as the Rev export pathway.

Initial efforts to identify cellular cofactors mediating
Rev export, using yeast two-hybrid screens with the
Rev NES as bait, led to the isolation of Hrb and of the
distantly related yeast Riplp protein [100]. Due to the
presence of FG repeats in Hrb and Riplp, the hypoth-
esis was put forward that they might function as
nucleoporins, with Rev recruiting RRE-containing
RNAs to the nuclear pore, through the interaction with
Hrb or other nucleoporins.

This simple model has been recently challenged,
based on a number of observations. First, the interac-
tion between Rev and Hrb is not direct [97, 101, 102].
Crml, a shuttling protein that belongs to the transport
receptor family, serves as a bridging factor between
Hrb and Rev [103-107]. Second, the FG-containing
region of Riplp was shown to make only limited con-
tributions to Rev-mediated export [108]. Finally, there
is uncertainty as to whether Hrb is an authentic con-
stituent of the nuclear pore complex [93, 94]. Thus,
while overexpression of Hrb modestly enhances Rev
activity, suggesting a role for Hrb in the Rev export
pathway, the exact nature of this role remains to be
determined.

The finding that Hrb and Hrbl are components of the
EH network provides new insights in dissecting the
function of Hrb in nucleocytosolic shuttling. In this
regard, it was recently shown, in one of our laborato-
ries, that perturbation of the Epsl15-Hrb interaction
alters Rev function (M. Doria and P. P. Di Fiore, un-
published). While the molecular mechanisms of this
effect remain to be defined, these results focus the
attention on an unexpected convergence of molecular
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machinery involved in endocytosis with that of nu-
cleocytoplasmic transport.

Epsins

Epsin (for Eps15-interacting protein, now called Ep-
sin-1) was originally isolated in a search for nerve-
terminal binding partners of the EH domains of Eps15
and Eps15R [33]. There are now two known related
genes defining the Epsin family, Epsin-1 and Epsin-2
(also identified as Ibpl and Ibp2, standing for Intersec-
tin binding proteins 1 and 2). They were independently
isolated in several labs, based on their ability to inter-
act with the EH domains of Eps15 and Eps15R, Inter-
sectins, and POBL1 ([15, 18, 33, 59], Rosenthal et al.,
submitted). A frog homologue of Epsin, MP90, is also
known [109]. The overall structure of Epsins is shown
in Fig. 4.

The N-terminal region of Epsins contains a 140-
amino-acid domain that is highly conserved among
Epsins of different organisms and is present in pro-
teins otherwise very divergent from Epsins. This new
protein module has been named ENTH for Epsin N-
terminal homology domain ([110], see also below). The
central region, downstream of the ENTH domain, is
characterized by several aspartate—proline—trypto-
phan (DPW) motifs that are required for interaction
with the AP-2 adaptor [34] (Fig. 3). The C-terminal
region of Epsin-1 and Epsin-2 contains three NPF mo-
tifs that account for the association with Epsl5 [33,
111] (Fig. 3). Indeed, their association with the EH
domain-containing proteins Epsl15, Intersectin, and
POB1 has been confirmed both in vitro and in vivo [18,
33, 52, 60]. Furthermore, Epsin-2 can interact, at least
in vitro, with the N-terminus of the clathrin heavy
chain via a putative clathrin-binding site located in the
C-terminal region of the protein [15, 52] (Figs. 3 and 5).
These data suggest that Epsins might take part in the
internalization process, either through the formation
of a multimeric protein complex or, alternatively,
through sequential interaction with a variety of struc-
tural and regulatory endocytic proteins. As with
Epsl5, Eps15R, and Intersectin, Epsin-1 is not a major
intrinsic component of the coat, but rather may partic-
ipate as an “accessory” protein in the dynamic rear-
rangements responsible for the assembly, invagina-
tion, and fission of the clathrin-coated vesicles.

Epsin-1 is concentrated together with Eps15 in pre-
synaptic nerve terminals where it colocalizes with
clathrin-coated vesicles; a similar pattern can also be
observed in cultured cells [33]. It was shown that, like
Eps15, Epsin undergoes depolarization-dependent de-
phosphorylation in nerve terminals and that dephos-
phorylation enhances the association with AP-2 in
brain extracts [46]. In addition, the Xenopus homo-
logue MP90 was originally isolated as a mitotic phos-
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FIG.5. Protein—protein interactions on the scaffold generated by
the Eps15/Intersectin heterodimer. The two proteins have been dem-
onstrated to form a heterodimer in cells [18], presumably through
the association of their central coiled-coil regions; the proteins are
shown in a parallel association, although this has not been rigorously
tested. Various protein—protein interactions, which have been
mapped on the scaffold, are denoted with arrows.

phoprotein [109]. A cdc2 phosphorylation site is con-
served in both MP90 and Epsin-1. Consistent with
these observations, Epsin has been shown to be a mi-
totic phosphoprotein [46]; its phosphorylation might be
a mechanism by which endocytosis is inhibited at mi-
tosis.

When Epsin function was disrupted by either over-
expression of the region of the protein rich in the DPW
motifs or microinjection of neutralizing antibodies,
clathrin-mediated endocytosis was blocked, demon-
strating that it participates in clathrin-dependent in-
ternalization processes, including endocytosis at the
synapse [33].

Two yeast proteins, Entlp and Ent2p (corresponding
to the open reading frames YDL161w and YLR206w,
respectively), have also been recently described, with a
high degree of similarity to mammalian Epsins [176].
Entlp and Ent2p contain an ENTH domain at their
NH,-termini along with multiple NPF motifs, which
mediate their interaction with the EH domains of
Panlp. Entlp and Ent2p are likely to represent func-
tional yeast homologues of Epsins, despite the lack of
homology in their central and COOH-terminal regions
and, most notably, the absence of a DPF/W region
[176]. Disruption of either gene in S. cerevisiae does not
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result in any obvious phenotype; however, double mu-
tants are nonviable, thus indicating redundancy in
their function. Analysis of temperature-sensitive al-
leles of the ENT1 gene has demonstrated that Entlp,
and in particular its ENTH domain, is required for
proper endocytosis and actin cytoskeleton organiza-
tion. Finally, Entlp has been shown to bind to clathrin,
through its C-terminal eight amino acids (RGYTLIDL)
[176].

Synaptojanins

Another cellular ligand for an EH domain-containing
protein is synaptojanin, which has been shown to bind
to Eps15 [112] (Fig. 4). There are two known mamma-
lian synaptojanins, synaptojanins 1 and 2 [113-115].
Synaptojanins have a tripartite structure: the NH,-
terminus contains a region of homology to yeast Saclp,
a protein implicated in phospholipid metabolism and
actin cytoskeleton organization, the central region con-
tains a catalytic inositol 5-phosphatase domain and the
C-terminal domain which is variable in length due to
RNA splicing (Fig. 4). Alternative splicing of an exon
containing a stop codon generates protein isoforms of
different length [115, 116].

In the central region of synaptojanin is the inositol
5-phosphatase catalytic domain that dephosphorylates
inositol polyphosphates and inositol phospholipids at
the 5’-position of the inositol ring. In agreement with
the multiple functions of inositol metabolites, synapto-
janins have been implicated in a variety of cellular
processes such as intracellular signaling, cytoskeletal
function, and vesicular trafficking (reviewed in [117,
118]). Consistent with a crucial function in actin cy-
toskeleton organization, synaptojanin overexpression
leads to a massive rearrangement of actin filaments
and to the formation of multinuclear cells [119].

Within the C-terminal region of synaptojanins are a
number of proline-rich sequences that are ligand sites
for the SH3 domains of Grb2 [119, 120], amphiphysin |
and Il [31, 113, 121], the SH3p4/SH3p8/SH3p13 (en-
dophilin) family of proteins [122, 123], and syndapin |
[124] (Fig. 3). Furthermore, within the C-terminal re-
gion of the long isoform of synaptojanin 1 are three
NPF motifs that are responsible for the interaction
with Eps15 (Fig. 3). The association of synaptojanins
with a variety of endocytic proteins indeed supports a
general role for the synaptojanin family members in
endocytosis. Consistent with this hypothesis, the short
isoforms of synaptojanin 1 are highly enriched in brain
and are concentrated at clathrin-coated endocytic in-
termediates in nerve terminals [120]. Interestingly,
the C-terminal regions of synaptojanins are subject to
developmentally regulated and tissue-specific alterna-
tive splicing events and differ in their SH3 ligand spec-
ificities, subcellular localization, and tissue distribu-
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tion. Thus, one additional function of this region may
be to target specific synaptojanin family members to
distinct subcellular sites [115, 116].

Three synaptojanin-like genes are found in S. cerevi-
siae, SJL1, SJL2, and SJL3 [125], also known as
INP51, INP52, and INP53 [126], respectively. None of
these genes is essential for growth; however, different
combinations of double mutants for these genes exhibit
defects in receptor-mediated and fluid-phase endocyto-
sis and a triple deletion strain is inviable [126, 127]. In
addition, the severity of the endocytic impairment cor-
relates well with the severity of actin and polarity
defects. Moreover, as already mentioned, genetic inter-
ference has been reported between the EH domain-
containing proteins Panlp and Sjllp [71]. These obser-
vations, besides supporting a direct function in
endocytosis, provide further evidence for multiple roles
for synaptojanins in endocytosis and organization of
the actin cytoskeleton.

AP180s

A yeast two-hybrid screen performed with the EH
domains of Panlp identified yAP180A and yAP180B
[71], the two yeast homologues of mammalian AP180, a
clathrin assembly protein [128-131], as interacting
proteins. Both yAP180A and yAP180B bind to Panlp
through NPF sequences repeated five times in the C-
terminal half of these proteins. Both proteins also bind
to clathrin, share putative inositol polyphosphate- and
polyphosphoinositide-binding sites with mammalian
AP180, and localize with Panlp to punctate spots at
the cell periphery, where several other endocytic pro-
teins are concentrated [71].

AP180 is highly conserved throughout evolution and
its function has been examined in vivo in different
organisms. In mutant flies lacking LAP, the Drosoph-
ila homologue of AP180, clathrin is diffusely distrib-
uted, and synaptic vesicle endocytosis is severely im-
paired leading to a dramatic depletion of synaptic
vesicles in nerve terminals and to large invaginations
formed by excess plasma membrane. In mutant flies
the mean size of synaptic vesicle is increased, and
fewer vesicles are formed [132]. Mammalian AP180
(also known as AP3, F1-20, ppl55, or NP185) is a
neuronal-specific synaptic phosphoprotein that local-
izes to clathrin-coated pits in nerve terminals [130,
131, 133, 134]. It binds to clathrin and promotes its
assembly into clathrin cages in vitro [128, 135, 136].
AP180’s ability to promote clathrin assembly can be
inhibited by inositol polyphosphates, consistent with a
role of inositol polyphosphates and inositol lipids as
direct regulators of the protein [137, 138]. These data
demonstrate a crucial role for AP180 in promoting cage
formation and limiting the vesicle size both in vitro and
in vivo.
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Initially it was believed that AP180 had a unique
function in the brain. However, a related and ubiqui-
tously expressed human protein, CALM (for clathrin
assembly lymphoid myeloid leukemia gene), has been
cloned, suggesting a widespread role in membrane
trafficking [139, 140] (Fig. 4). Somewhat surprisingly,
neuronal AP180 lacks the NPF motifs, whereas the
more divergent C-termini of the other family members
(CALM, yAP180s, Drosophila LAP, and C. elegans
AP180) all contain multiple NPFs (Fig. 4). The mean-
ing of the NPF motifs being absent or present in the
neuronal or nonneuronal variants of AP180 awaits fu-
ture experimentation. It is reasonable to expect that
the differences, among family members, in lipid-bind-
ing domains and ligand sites (i.e., DPF and NPF mo-
tifs) affect both the subcellular localization and the
regulation of AP180, thus allowing specialized roles in
different tissues (Fig. 3).

CONNECTIONS BETWEEN THE EH-BASED NETWORK
AND OTHER PUTATIVE PROTEIN-PROTEIN
NETWORKS IN THE CELL

Recently two superfamilies of proteins, each individ-
ually characterized by the presence of evolutionarily
conserved domains, have been linked to members of
the EH network and to the endocytic process in gen-
eral. The two superfamilies in question are character-
ized by the presence of the ENTH and VHS domains
[110, 141] (Fig. 4). The function(s) of these two domains
are not known; however, there is evidence that the
ENTH domain can act as a protein—protein interaction
surface (B. K. Kay and P. S. McPherson, unpublished).
This raises the possibility that separate networks of
protein—protein interactions in the cell are coordinated
toward regulation of endocytosis, intracellular sorting
of vesicles, and possibly other cellular phenotypes.

The ENTH Domain

The ENTH (Epsin N-terminal homology) domainis a
~140-amino-acid-long homology domain shared by
several proteins in budding and fission yeast, oat, nem-
atode, frog, and mammals [110]. It was originally iden-
tified in Epsin-1 [33] and subsequently in Epsin-2,
MP90 (a frog homologue of Epsins), and the yeast
Epsins Entlp and Ent2p. ENTH domains are generally
located at the N-terminus and their identity ranges
from 40 to 90%. Interestingly, a region of AP180 also
displays weak homology to ENTH domains, around
22% similarity. Proteins of the ENTH superfamily
share various other motifs involved with protein—pro-
tein interactions in the endocytic/sorting pathway, in-
cluding EH-binding consensus (NPFs), a-adaptin ap-
pendage binding sites (DPF/Ws), and clathrin binding
sites [L(L/1/V) (D/E/G/N) (L/F) (D/E/Q) or LIDL-COOH]
[110].
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The VHS Domain

The VHS (VPS-27, Hrs, and STAM) domain was orig-
inally identified by Ponting et al. (C. Ponting, J. Schultz,
and P. Bork, submission to SMART database, EMBL; see
also [142]) based on database screenings for proteins with
regions of homology. Attention to the VHS domain, and to
its potential implications in the sorting pathway, was
drawn by Lohi and Lehto [141] who identified the domain
in EAST [143], a chicken protein which probably repre-
sents an orthologue of human STAM2 (Gene Bank Ac-
cession No. NM_005843).

EAST (EGFR-associated protein with SH3 and TAM
domains) is a protein containing a VHS domain in its
NH,-terminus followed by an SH3 domain and a ty-
rosine-based activation motif (TAM) in its COOH-termi-
nus (Fig. 4). EAST is tyrosine phosphorylated in vivo and
in vitro by activated EGFR and associates with the re-
ceptor. It also partially colocalizes with clathrin by indi-
rect immunofluorescence. EAST co-immunoprecipitates
with Eps15 and contains an NPF motif in its NH,-termi-
nus. However, mutagenesis of the NPF to DPF, which
has been shown to abrogate the interaction of Eps15 with
other EH-binding proteins, did not affect the co-immuno-
precipitation between Epsl5 and EAST. It is not clear,
therefore, whether EAST represents a bona fide cellular
ligand of EH domain-containing proteins [143].

The VHS domain is ~140 amino acids long and re-
sides, invariably so far, in the NH,-termini of harbor-
ing proteins [141]. Members of the VHS superfamily
have in general been implicated with endocytosis/ve-
sicular transport and also with signal transduction.
They include VPS27, a S. cerevisiae protein that con-
trols membrane trafficking in the prevacuolar/endoso-
mal compartment [144]; Hrs, a substrate of the hepa-
tocyte growth factor, which is localized to early
endosomes [145]; and STAM, a protein involved in
cytokine signaling, which has also been implicated in
control of sorting through its association with Hrs [146,
147]. Several other less-characterized proteins also dis-
play a VHS domain [141].

Proteins belonging to the VHS superfamily can also
display other signaling/sorting domains, such as SH3
and TAM domains and NPF motifs. VPS-27 and Hrs
also display a FYVE finger domain, which has recently
been shown to bind to PtdIns(3)P, the phosphorylated
product of PI3-kinase. FYVE fingers are required for
binding of early endosome antigen 1 (EEA1) to endo-
somes and are believed to play a general role in endo-
somal targeting [148-151].

FUNCTIONS OF THE EH NETWORK

EH Network and Coated Pits Formation

Despite a wealth of biological information about the
role of the EH network in endocytosis, a number of
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questions remain about the specific biochemical func-
tion of particular protein—protein interactions. This
issue is compounded by the fact that many of these
proteins are likely to exert multiple functions (Fig. 3).
However, since many of the EH domains and their
cellular ligands have the characteristics of accessory
endocytic proteins, that is being present in coated pits
and/or vesicles in substoichiometric amounts, presum-
ably their function(s) is regulatory in nature (Fig. 3).

The recent finding that Eps15 and Intersectin inter-
act through their coil-coiled regions [18] suggests that
they might work together as a scaffolding complex that
might be required to coordinate recruitment of other
accessory components during the formation of clathrin-
coated pits (Fig. 5). Such a complex displays remark-
able binding and scaffolding properties. Epsl5 (or
Eps15R) possess a minimum of six protein—protein in-
teraction surfaces, including three EH domains, a
coiled-coil domain, an a-ear binding region, and pro-
line-rich SH3 domain-binding site. Intersectins dis-
play, in their short versions, eight binding modules,
including two EH domains, a coiled-coil region, and five
SH3 domains. If one takes into account that Eps15 can
dimerize and tetramerize [20] and that the long iso-
forms of Intersectins contain additional interaction
surfaces (such as a DH, a PH, and a C2 domain [18,
50-52]), there is potential for an enormous number of
proteins recruited to the scaffold created by the Eps15:
Intersectin heterodimer (Fig. 5). However, this does
not imply that all the proteins that bind to the Eps15:
Intersectin complex must be simultaneously recruited.
Indeed, an interesting possibility is that the scaffolding
complex might be “loaded” with different proteins,
whose interactions might also be mutually exclusive,
at different phases of the endocytic process or in dif-
ferent regions of a forming pit.

Two protein—protein interactions within this scaf-
folding complex are better characterized and provide,
at least, testable working hypotheses for future exper-
iments.

One such interacting molecule is dynamin which
binds, through its proline-rich region, to the SH3 do-
mains of Intersectin [15, 18, 50, 52, 53]. Since Inter-
sectin and Epsl15 are present in clathrin-coated pits,
they may possibly influence the recruitment of dy-
namin to these structures. There is a complex relation-
ship among Eps15, Intersectin, and dynamin, in terms
of localization. It has been shown that Intersectin in-
fluences the subcellular localization of Eps15, a situa-
tion reminiscent of the End3p:Panlp interaction in
yeast, where End3p controls the localization of Panlp
[69]. Overexpression of Intersectin recruits dynamin to
vesicular-like subcellular structures, as well as Eps15.
One of Epsl5’s functions might be to finely tune the
interaction between dynamin and Intersectin. Two ob-
servations in support of this hypothesis are that simul-
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taneous overexpression of Intersectin and of a COOH-
terminally truncated version of Epsl5 results in
mislocalization of the two proteins, even though they
still remain partially associated to each other [18], and
that overexpression of a NH,-truncated mutant of
Epsl5 results in mislocalization of dynamin [152].
Thus, while most of the molecular mechanisms remain
obscure, it appears as if an Epsl5:Intersectin het-
erodimer might serve as a scaffold to recruit dynamin.
If this were true one should expect alterations of dy-
namin function(s) upon perturbation of the scaffold.
While evidence to this regard is lacking, we have re-
cently uncovered a genetic interaction between Epsl5
and dynamin in C. elegans (Salcini et al., unpublished).
The availability of dynamin-related genetic tools in
lower organisms should therefore greatly aid the elu-
cidation of the relationships among Intersectin, Epsi5,
and dynamin in the dynamics of clathrin-coated pit
formation.

Another well-characterized protein—protein interac-
tion of Eps15 is that with a-adaptin. Cytosolic Eps15 is
stoichiometrically associated with AP-2, through its
a-adaptin subunit [27]. Upon stimulation of receptor
internalization, Eps15 and AP-2 are recruited to the
plasma membrane into forming clathrin-coated pits
[37]. The question that arises from these observations
is “who takes whom to the nascent pit?” (Fig. 3).

There is reason to believe that one of Eps15’s func-
tions is to recruit AP-2 to the clathrin-coated pit. Mo-
lecular determinants have been identified in the intra-
cellular domains of internalizable receptors, defined as
“endocytic codes,” i.e., amino acid sequences capable by
themselves of sustaining receptor internalization
[153]. Endocytic codes are believed to be cryptic in the
unstimulated EGFR and to be unmasked by conforma-
tional changes that follow receptor activation and au-
tophosphorylation [154]. In other types of receptors,
such as cargo receptors, endocytic codes are probably
continuously exposed, thus determining constitutive
internalization. In many cases endocytic codes contain
a critical tyrosine residue, thus being known as “ty-
rosine-based” signals (reviewed in [155]), and are in-
terchangeable among receptors [153]. There is ample
evidence that tyrosine-based signals, in the EGFR and
in other receptors, bind directly to AP-2 and, in partic-
ular, to its u subunit [22, 24, 156-159] (Fig. 3).

The simple model that a direct interaction of endo-
cytic codes with AP-2 is responsible for the recruitment
of the latter to a nascent pit has been recently chal-
lenged. Indeed, removal of the tyrosine-based signal,
responsible for AP-2 binding, in the EGFR did not
appreciably affect internalization kinetics [157], at
least at low levels of receptor expression [158]. In cells
expressing a mutant EGFR lacking the tyrosine-based
signal, AP-2 and Epsl5 were still recruited to the
plasma membrane [37], thus suggesting that Epsl5
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might serve as the primary localizer of AP-2 to the
membrane. Studies from Van Delft et al. [36] also sup-
ported this notion: clathrin and AP-2 could be ex-
tracted from coated pits containing membranes at-
tached to glass slides, without distorting the staining
pattern of Eps15. This result indicates that the pres-
ence of Eps15 in coated pits is independent of AP-2 and
clathrin. Finally, Benmerah et al. [152] demonstrated
that overexpression of a NH,-truncated mutant of
Eps15 disrupted the proper subcellular localization of
AP-2 and clathrin. All of these observations suggest an
important role of Eps15 in directing AP-2 complexes to
the plasma membrane.

The interaction between Epsl5 and a-ear might
have additional roles in the dynamics of pit formation,
as well. Recent structural studies have demonstrated
that there is a single binding site in the «a-ear of
a-adaptin, which binds to peptides containing the con-
sensus sequence DPF/W (aspartate—proline—phenylal-
anine/tryptophan). This interaction provides a molec-
ular basis for understanding the binding of various
proteins (including Epsl15, Epsl15R, Epsins, AP180,
amphiphysin I, Numb, and possibly dynamin 1) to the
appendage domain of «-adaptin. The presence of a
single binding site within the appendage domain pre-
dicts that the a-ear can bind to a variety of accessory
molecules in a forming pit. However, it is not known
whether recruitment of these proteins to the «-ear
occurs simultaneously, by the numerous AP-2 mole-
cules present in a coated pit, or sequentially. While the
two possibilities need not be mutually exclusive, in the
former case a-ear would work as a spatial organizer
and in the latter as a temporal one (Fig. 3).

The presence of a single binding site also predicts
competition among accessory proteins for binding to
the AP-2 complex. Some of the proteins, such as Eps15,
Eps15R, and Epsins, might bind avidly to a clathrin-
coated pit with its dense concentration of AP-2 com-
plexes, due to the presence of multiple binding motifs
(DPF/W) within their sequences. This prediction is con-
firmed, at least in the case of competition between
Epsl5 and Numb, by the demonstration that Epsl5
binds more strongly to the a-ear than Numb (Santolini
et al., unpublished). As noted above, Kirchhausen'’s
group has demonstrated that polymerization of clath-
rin progressively displaces Eps15 from AP-2. Thus, one
might envision a model in which Eps15 has the addi-
tional role of saturating the «a-ear binding sites, under
conditions in which interactions with other proteins
are not desired, and that upon pit formation Eps15 is
displaced, thus allowing the coordinated recruitment of
other accessory molecules. Other putative high-affinity
cellular ligands, such as Eps15R or the Epsins, might
exert similar functions.

Finally, proteins of the EH network might differen-
tially regulate internalization of different categories of
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membrane receptors. There is evidence of specificity in
the endocytic machinery as shown by the findings that
EGFRs compete with themselves, but not with the
transferrin receptor for endocytosis [160-163]. These
findings indicate that the two molecular machineries
are, at least in part, distinct. In addition, endocytosis of
EGFR is a second-order saturable process, likely in-
volving competition among EGFRs for a downstream
component of the endocytic machinery [164]. Evidence
has been provided that a tyrosine kinase substrate,
different from EGFR itself, is needed for efficient re-
cruitment into coated pits of ligand-activated EGFR
[165].

Both POB1 and Eps15 possess characteristics that
fit this role, since each is tyrosine phosphorylated in
response to EGF stimulation. Interestingly, interfer-
ence with POB1 function inhibits EGF and not trans-
ferrin receptor internalization. In addition, we have
mapped and mutagenized the tyrosine phosphoryla-
tion site on Eps15 (S. Confalonieri and P. P. Di Fiore,
unpublished) and found that this mutant inhibits en-
docytosis of EGFR, but not of the transferrin receptor.
Thus, components of the EH network might differen-
tially regulate endocytosis of different surface recep-
tors.

EH Network in Other Steps of the Endocytic Pathway

At least in the case of Epsl5, there is evidence for its
involvement in the endocytic pathway, at steps other
than the formation of a coated pit. As already reviewed,
Epsl5 is progressively disengaged from a forming pit
and undetectable in coated vesicles [38]. After clathrin
shedding, though, Eps15 is retargeted to uncoated ves-
icles and early and late endosomes, thus suggesting a
role for it in these late stations of the endocytic route
[37].

Some functional evidence supports this contention.
Overexpression of a dominant negative mutant com-
prising only the AP-2 binding region of Eps15 inhibited
internalization of EGFR and establishment of success-
ful infection by Sindbis virus [39]. This latter assay
allows for a more comprehensive analysis of the endo-
cytic route, since establishment of successful infection
requires both coated pit-mediated internalization of
the virus and its delivery to late endosomes (reviewed
in [166]). Surprisingly, an Eps15 mutant encompass-
ing only its three EH domains had no effect on EGFR
internalization, but completely inhibited Sindbis infec-
tion [39]. One possible explanation for this discrepancy
is that the inhibition by EH domains is exerted at a
step in the endocytic pathway other than internaliza-
tion, as for example in the transport from early endo-
somes to the more acidic late endosomes. This result
also draws attention to EH-binding proteins as poten-
tial effectors of Eps15 in the late phases of endocytosis.
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The EH Network and the Cytoskeleton

In recent years, evidence has pointed to the in-
volvement of the actin-based cytoskeleton in endocy-
tosis. Both genetic and biochemical experiments
have demonstrated in yeast that the actin cytoskel-
eton plays a central role in endocytosis, even though
the precise details are unknown [167]. For example,
actin and fimbrin are essential for the internaliza-
tion of receptors [168], and cells expressing mutant
forms of the actin filament depolymerizing protein
cofilin display an endocytosis-defective phenotype
[169]. Conversely, a number of genes isolated in
screens for defects in endocytosis have been shown to
be involved in the regulation of the yeast cortical
actin cytoskeleton [170].

Pharmacological and biochemical experiments have
demonstrated that the cytoskeleton is likely just as im-
portant to endocytosis in mammalian cells. Treatment of
cultured cells with latrunculin A, a drug that sequesters
actin monomers, inhibits receptor-mediated endocytosis
[171]. Recently, observations on the formation of clathrin-
coated pits in real-time, utilizing a clathrin light chain
fused to the green fluorescent protein, have revealed that
coated pits form repeatedly at defined sites at the plasma
membrane [172]. The cytoskeleton is implicated in fixing
the spatial locations of clathrin-coated pit formation, as
the coated pits remain attached to a detergent-resistant
cytoskeleton, even after Triton X-100 removal of the
plasma membrane [172].

Cytoskeleton-associated proteins that might interface
between the mammalian cytoskeleton and endocytosis
include profilin, the human Wiskott-Aldrich syndrome
protein (WASP), and syndapin. Profilin, which binds to
proline-rich peptide sequences as well as actin, can form
in vitro protein complexes with various regulators of en-
docytosis and actin assembly [173]. WASP, an actin-de-
polymerizing protein that regulates cytoskeletal rear-
rangement, co-immunoprecipitates with the activated
EGFR after exposure to EGF [174] and has been shown
to interact with syndapin, a protein that binds to dy-
namin and colocalizes with it at vesicular structures in
primary neurons [124]. Syndapin has been functionally
implicated in endocytosis, as addition of the SH3 domain
of syndapin to a cell-permeabilized assay system can
block uptake of transferrin [175].

EH domain-containing proteins and their cellular
ligands may play a dual role in endocytosis and the
cytoskeleton. In yeast, Panlp and End3p are required
for endocytosis and for proper formation of the actin
cytoskeleton [65, 69]. The cellular ligands for the EH
domains of Panlp, Entlp and Ent2p, may play similar
roles; temperature-sensitive alleles of the Entps have
defects in endocytosis and the actin cytoskeleton [176].
In Drosophila, the Intersectin family member Dap160
is localized in nerve terminals to the cytoskeleton that
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surrounds the active zones of synaptic vesicle exocyto-
sis and endocytosis [53]. Finally, upon EGFR activa-
tion, Eps15 fails to move to perinuclear regions in cells
upon exposure to the microtubule-disrupting agent no-
codazole [37].

The EAST protein may also serve to link the two
cellular processes. As mentioned above, EAST was
originally cloned as the SH3 domain-containing pro-
tein from chicken brain [177] and later shown to
contain a single NPF tripeptide motif, a VHS do-
main, an SH3 domain, and a TAM motif [143] (Fig.
4). Not only does EAST interact with the EGFR and
Eps15 in the cell [143], thus qualifying it as a poten-
tial component of the endocytic machinery, but im-
munofluorescence studies have revealed it to be co-
localized with focal adhesions and actin filaments
[141]. In addition, overexpression of the N-terminal
(aa 1-205, including the VHS domain), but not the
C-terminal (aa 260-469, including the TAM motif)
segments of EAST in HeLa, MDCK, and HER-14
cells led to an increase in the number of microspikes
and the formation of large protrusions [141]. Fur-
thermore, the N-terminal segment (aa 4-188) could
associate with actin in vitro, as revealed in an actin
cosedimentation assay. Thus, one of EAST’s func-
tions may be to serve at the interface of endocytosis
and the actin cytoskeleton.

Other Putative Functions of the EH Network

Some of the characteristics of EH network proteins
are not immediately reconcilable with an exclusive role
in endocytosis. Reps/POB1, for instance, is likely to
exert some function in the regulation of Rho-like small
GTPases, which are in turn part of mitogenic signaling
pathways. The long isoforms of Intersectins, due to the
presence of signaling domains such as the DH domain,
might also exert functions in the regulation of small
GTPases. In addition, there is an emerging body of
literature that connects endocytic machinery to prolif-
eration control and its subversion in cancer (recently
reviewed in [178, 179]). In the following two para-
graphs, we will review the evidence for a role of EH
network proteins in cancer, nucleocytoplasmic shut-
tling, and cell cycle control.

Proteins of the EH Network Are Altered
in Human Leukemias

The Eps15 gene is involved in balanced transloca-
tions with the MLL gene, which maps to 11923, in rare
cases of acute myeloid leukemias. Translocations re-
sult in fusion proteins in which the N-terminal domain
of MLL is fused in frame to almost the entire open
reading frame of Eps15, with the exclusion of the first
few amino acids [48]. Abnormalities of the 11923 re-
gion, involving the MLL gene, are frequent in acute
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leukemias. To date, a dozen translocation partners of
MLL have been identified (reviewed in [180]). Further-
more, in-frame duplications of the MLL gene have been
detected which result in altered proteins, in the ab-
sence of a balanced translocation [181]. This latter
finding, together with the molecular heterogeneity of
the MLL translocation partners, led to the hypothesis
that the functional truncation of the MLL protein,
achieved in the various fusion proteins, is the impor-
tant molecular event in the pathogenesis of leukemias.
However, other evidence points to the relevance of the
fusion partners, in that truncation of MLL, or its fusion
to irrelevant proteins, does not cause leukemias,
whereas the fusion proteins present in the natural
leukemogenic process are able to do so [182].

Another EH network protein involved in leukemias
is CALM, the nonneuronal form of the AP180 adaptor
protein. A specific rearrangement between the CALM
and the AF-10 genes was originally discovered in the
t(10;11) (p13;924) of U937 cells [139]. Interestingly,
AF-10, which encodes a potential transcription factor,
has been observed to be a partner of the MLL gene in
t(10;11) (p13;923) translocations as well, providing fur-
ther support for the concept that fusion partners such
as endocytic proteins play a role in leukemogenesis
[183, 184]. Recently, t(10;11) translocations involving
AF-10 and CALM have also been identified in fresh
samples from acute leukemia patients, further sug-
gesting important roles in the leukemogenesis process
for both components of the fusion proteins [185].

Alterations in EH network proteins (or in other com-
ponents of the endocytic machinery) might result in
unattenuated proliferative signals, due to decreased
clearance of stimulatory receptors from the cell sur-
face. This is, for instance, the case of oncogenic conver-
sion of c-Cbl, a protein involved in EGFR downregula-
tion, into v-Cbl, an oncogene that interferes with this
process [186]. Other mechanisms might, however, be
envisioned. Abnormal forms of sorting/targeting pro-
teins can misdirect interacting proteins to aberrant
locations or alter their functioning. Neomorphic func-
tions might result from the fusion of functionally un-
related proteins, which might lead to aberrant connec-
tions of metabolic pathways, resulting in their
disregulations. Finally, alterations of sorting proteins
could lead to profound disregulations in the integration
of pathways connecting various functions necessary for
cell growth, as will be proposed in the next paragraph.

Is the EH Network an “Integrator” of Different
Signaling Pathways Connected to the Control
of Cell Proliferation?

Shuttling of proteins in and from the nucleus relies
on transporters of the importin family and is regulated
by the Ran GTPase (reviewed in [187]). In particular,
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CRM1 (importin-1) translocates proteins containing a
nuclear export signal (NES) out of the nucleus. As
already mentioned, this branch of the pathway is also
operationally defined as the Rev export pathway. The
importing/importina complex serves to translocate
into the nucleus proteins containing a nuclear localiza-
tion signal (NLS). The oncoprotein mdm2 (hdm2 in
Homo sapiens) shuttles (due to the presence of both a
NES and a NLS) in and out of the nucleus. In its way
out, it mediates the export into the cytosol of nuclear
p53, leading to p53 degradation by cytosolic protea-
somes. This event accounts, in part, for the mechanism
by which mdm2 regulates p53 activity [98, 188].

In its way into the nucleus, mdm2 appears to bind to
Numb, although it is unclear which protein directs
nuclear translocation of the other [189]. Interestingly,
nuclear uptake of Numb is associated with its degra-
dation; thus, one of mdm2’s function(s) might be to
direct Numb to its proper site of degradation by the
nuclear proteasome. The transforming abilities of
mdm2 might, thus, be due in part to the enhanced
degradation of Numb, which would then have tumor
suppressor gene activity. In addition, since Numb and
p53 bind to the same site on mdm2 [189], one can also
postulate that Numb may control cell proliferation by
competing the interaction of mdm2 with p53. This
would result in the lack of mdm2-mediated p53 degra-
dation or, alternatively, in the lack of direct inhibition
of p53 function exerted by mdm2 (for recent reviews,
see [190-192]).

Intriguingly, in both branches of the mdm2 shuttling
pathway, proteins belonging to the EH network appear
to be involved, i.e., Numb and Hrb (through its connec-
tion with Rev). Thus, elements of the EH network
might link the endocytic/sorting machinery to the nu-
cleocytoplasmic export pathway and, possibly, to mech-
anisms of protein degradation.

CONCLUSIONS

As our understanding of the cellular molecular ma-
chinery progresses, complex levels of regulation of such
machinery are coming into focus. The process of endo-
cytosis constitutes a paradigmatic case. The structural
requirements for the formation of a coated pit are being
elucidated, and a three-dimensional, high-resolution
picture of the clathrin coat is emerging [24, 34, 193-
195]. While we start to understand the mechanisms of
assembly of the “hardware” of a pit, the discovery of an
increasing number of accessory molecules underscores
the requirement for the “software” that finely regulates
spatial and temporal recruitment of pit components.
The EH network constitutes a major component of this
network of regulatory interactions. Not surprisingly,
and given the fundamental importance of endocytosis
to cellular homeostasis, the control of endocytic path-
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ways needs to be coordinated and integrated with
many other cellular functions. The EH network ap-
pears also to fulfill the requirements for such a role and
might contribute to connect intracellular signaling
mechanisms as diverse as endocytosis, nucleocytosolic
shuttling, and possibly protein degradation and control
of cell proliferation.
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