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VHS domain — a longshoreman of vesicle lines
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Abstract The VHS (Vps-27, Hrs and STAM) domain is a 140
residue long domain present in the very NH,-terminus of at least
60 proteins. Based on their functional characteristics and on
recent data on the involvement of VHS in cargo recognition in
trans-Golgi, VHS domains are considered to have a general
membrane targeting/cargo recognition role in vesicular traffick-
ing. Structurally, VHS is a right-handed superhelix of eight
helices with charged surface patches probably serving as sites of
protein—protein recognition and docking. © 2002 Federation of
European Biochemical Societies. Published by Elsevier Science
B.V. All rights reserved.
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1. Introduction

The VHS domain was originally identified in a database
screen based on the multiple occurrence of stretches of se-
quences in signal transduction proteins [1]. The name VHS
derives from its occurrence in Vps-27, Hrs and STAM. As
originally defined, the VHS domain is ~ 140 residues long
and is found in at least 60 proteins. Remarkably, in all of
them, VHS occupies the N-terminal end of the polypeptide
suggesting that such a topology is important for its function

(2].
2. VHS marks proteins involved in vesicular trafficking

Based on the domain/motif entourage, VHS-containing
proteins can be divided into four groups. Their representatives
are schematically shown in Fig. 1. The first group consists of
proteins of the STAM/EAST/Hbp family which all share the
domain composition VHS-SH3-ITAM. The second consists of
proteins with a FYVE domain C-terminal to VHS. The third
consists of GGA proteins with a domain composition VHS-
GAT-‘ear’ and the fourth of proteins with a VHS domain
alone or with domains other than those mentioned above.

Importantly, the members of the first and the second
groups also carry one or two ubiquitin-interacting motifs
(UIM), an approximately 20 residue long motif that is usually
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found in proteins involved in ubiquitination and ubiquitin
metabolism [3]. STAM/EAST/Hbp proteins also carry NPF
motifs, a short domain recognizing the Eps15 homology do-
main [4].

The STAM/EAST/Hbp family [5-7] consists of eight mem-
bers which are well conserved from yeast to mammals.
Among them, EAST (EGF receptor-associated protein with
SH3 and TAM domains) associates with the epidermal growth
factor (EGF) receptor and is phosphorylated in response to
EGF [5]. It colocalizes with clathrin and associates also with
Epsl5, a protein which is required for clathrin-mediated re-
ceptor endocytosis [8]. STAM (signal transducing adapter
molecule), on the other hand, is involved in cytokine-mediated
intracellular signal transduction and regulation of e.g. myc
expression [6,9,10]. Moreover, through binding of Hrs (hepa-
tocyte growth factor-regulated tyrosine kinase substrate),
mediated by the ITAM motif, STAMs can also be part of
the endocytic and exocytic machineries [7,11-14]. A further
link to receptor signaling is provided by AMSH (associated
molecule with the SH3 domain of STAM) which binds the
SH3 domain of STAM and is involved in signaling pathways
initiated by interleukin-2, granulocyte/macrophage colony-
stimulating factor and bone morphogenetic protein [15,16].

VHS-FYVE proteins include the yeast Vps27 protein, im-
plicated in the membrane trafficking through the prevacuolar/
endosomal compartment in Saccharomyces cerevisiae [17], and
its mammalian homolog Hrs, found on the surface of early
endosomes and involved in endocytic trafficking and ligand-
induced degradation of e.g. EGF receptor [12,18,19]. Hrs-2,
originally identified as a distinct molecule and described as a
modulator of vesicle trafficking in neurotransmission [20], has
more recently been shown to be identical to Hrs [7].

FYVE (see also Stenmark et al., this issue), the domain
which in these proteins reside C-terminal to VHS, derives its
name from its occurrence in Fablb, YOTB, Vaclp, and EEAL1
[21]. It binds specifically to the membrane lipid phosphatidyl-
inositol 3-phosphate [22,23] and seems to be important for the
subcellular targeting of Hrs [24,25] although there are also
conflicting results [26].

The presence of UIM in both STAM/EAST/Hbp and Hrs is
a further indication that these proteins are important for en-
docytosis and in further sorting for degradation, respectively,
of at least some plasma membrane receptors. This is based on
what is generally known about the role of ubiquitination in
receptor endocytosis; tagging with ubiquitin promotes inter-
nalization of the receptor, appears to regulate the activity of
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Fig. 1. Domain composition of representatives of different subclasses of VHS-containing proteins. FYVE, domain present in Fablb, YOTB,
Vaclp, and EEALl; GAE, gamma-adaptin, ear; GAT, domain present in GGA and TOMI1; KISc, kinesin motor catalytic domain; SH3, Src
homology 3 domain; UIM, ubiquitin-interacting motif; VHS, domain present in Vps-27, Hrs, STAM.

the endocytic apparatus, and, as shown recently, sorts the
receptors to multivesicular body vesicles to be further ferried
to lysosomes for degradation [27]. Moreover, as to the VHS
protein in particular, Hbp was recently shown to bind, via its
SH3 domain, to the deubiquitinating enzyme UBPY [28], and
the yeast Vps27 interacts genetically with a deubiquitinating
enzyme Doadp [29]. Thus, the UIM-containing members of
the VHS proteins could, by directly recognizing the ubiquiti-
nated cargo, also be part of the ubiquitin-based machinery of
receptor endocytosis and degradation.

GGAs are a recently identified family of proteins with three
members (GGA1-3) characterized in humans and two (Ggalp
and Gga2p) in S. cerevisiae [30-35] and with at least one
related expressed sequence tag identified in the Drosophila,
Caenorhabditis elegans and Schizosaccharomyces pombe ge-
nome sequencing projects, each. They are composed of an
N-terminal VHS domain, the GAT (GGA and Toml) homol-
ogy domain which is the best conserved and bears homology
to Toml protein, a flexible hinge region which contains clath-
rin-binding motifs, and the C-terminal GAE (gamma-adaptin
ear) domain with homology to the ear domain of y-adaptin.
GGAs are ARF-binding proteins. Hence the name GGA for
Golgi-localizing, gamma-adaptin ear homology domain,
ARF-binding proteins. The founding member of the family
was originally named Vear (VHS and ear domain-containing
protein [36]) and is identical to GGAZ2.

GGAs localize predominantly to the trans-Golgi network
(TGN) with specific GGAs associating also with other vesic-
ular elements of the cytoplasm. Functional studies with mam-
malian cells supported the idea that GGAs operate at the level
of TGN facilitating the vesicular trafficking from the Golgi.
This was corroborated by the studies in yeast in which a
specific role for GGAs in a transport from TGN to early
and/or to late endosomes could be shown. Just recently, it
was demonstrated by several groups that GGAs act as sorting
adapters; in TGN they recognize and interact directly, via
their VHS domains, with specific cargos and mediate their
sorting to vesicles that are destined to endosomal/lysosomal
compartments [37-40].

3. Structure of VHS

In Fig. 2, CLUSTALX alignment of the VHS domains of
15 different VHS proteins is given. There is a distinct grouping
to different subclasses according to the domain composition
as described above. Above the alignment, the positions of the
a-helices based on the crystal structure of Drosophila Hrs [41]
are given.

Crystal structures of the VHS domains from both Droso-
phila Hrs [41] and human Toml [42] have been determined.
The VHS domain contains eight o-helices and a C-terminal
extension (Fig. 3A). The eight a-helices fold into a curved
double-layer superhelical structure with a size of 20X 35Xx45
A. The concave face contains three o-helices, a2, 04 and o7,
while the convex layer consists of four helices, al, a3, a6 and
8. The two-turn a5 connects the two o-helix layers resulting
in a slightly larger distance between the two layers on one
side. Structural comparison indicates that this double-layered
superhelical structure is built up mainly by three a-helical
repeats (Fig. 3). The first two two-helix hairpins (ol and
o2, and a3 and od) are very similar to the HEAT repeat
[43]. In contrast, the third repeat, consisting of o5, a6 and
o7, resembles the three-helix ARM repeat [44]. The hybridi-
zation of two different o-helix repeats makes the VHS domain
a unique member among the superhelical structure family.

The overall sequence similarity is very low (~25%) among
members of the VHS domain family. On the basis of the
three-dimensional structure, most of the conserved residues
are mapped in a channel created by the double helix layers.
These residues are mostly hydrophobic and make up the core
of the domain. The distribution pattern of these hydrophobic
residues in the channel is a major determinant of the packing
geometry of the superhelical structure of the VHS domain.
Several other conserved residues are localized on the surface
of the domain. Of particular interest are Trp-23, Leu-27, and
Asp-31 in Hrs, which form a cluster interfacing the following
FYVE domain [41]. The existence of some conserved patches
on the surface of the VHS domain suggests that VHS domains
may be involved in protein—protein recognition and docking.
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Fig. 2. Multiple sequence alignment (CLUSTALX) of VHS-contain-
ing proteins. The accession numbers are as follows: EAST, gi-
3417246; GGAIl, gi-14548066; GGA?2, gi-14548065; GGA3, gi-
14548064; Ggapl, gi-14548059; Ggap2, gi-731696; Hrs, gi-4758528;
Hrs/C.eleg., gi-1326383; K1F1C, gi-4050097; Srcasm, gi-15077847;
STAM/Dros., gi-5006441; STAMI, gi-3645903; STAM?2, gi-
3650488; Toml, gi-3256185; Vps27, gi-1353233; The o-helices based
on the structure of Hrs VHS domain (cf. Fig. 3A) are shown above

the alignment.
-

Interestingly, the structure of the VHS domain is very sim-
ilar to the recently reported structure of the ENTH (Epsin
NH,-terminal homology) domain, superimposing with an
rms deviation of ~1.8 A over the first seven o-helices (Fig.
3B) [45,46]. The major difference between the two structures is
the orientation of the C-terminal a8. In the VHS domain, the
o8 helix packs parallel with a6 and sits in the groove between
06 and a7, while in the ENTH domain, a8 runs perpendicu-
larly across a4 and o2. Since the sequence similarity between
the VHS and ENTH domains cannot be detected by sequence
analysis programs, the ENTH domains constitute a distinct
domain family [47]. Nevertheless, some conserved hydropho-
bic residues reside in the channel between the two a-helix
layers. The structural similarity of the two domains and the
observation that both VHS and ENTH domain-containing
proteins are involved in membrane trafficking suggest that
both domains may have arisen from a common ancestor.
The superhelical fold of the VHS and ENTH domains is pre-
served by the conserved hydrophobic core, while functional
differences are obtained through the variation of the surface
residues.

4. Function of VHS

The most definite results concerning the function of VHS
come from the studies mentioned above showing that the
VHS domains of GGAs interact with some sorting receptors
that traffic and transfer cargo between TGN and the endo-
somal compartment. They include sortilin [37], a sorting re-
ceptor for cargo such as neurotensin, and the cation-depen-
dent and -independent mannose 6-phosphate receptors
(M6PR) which act as carriers of the mannose 6-phosphate-
tagged hydrolases to be ferried to lysosomes [38-40]. The
minimal recognition sequence in M6PR is an acidic-cluster—
dileucine motif. Attesting to the specificity of the interaction,
many other transmembrane receptors that lack such complete
recognition motifs do not bind GGAs, and, conversely, VHS
domains from other proteins do not share the binding proper-
ties of GGAs. From these studies, combined with the results
from functional studies using mutant receptors, it is now well
established that, via VHS, the GGAs interact directly with the
sorting signals of the cargo and facilitate its incorporation
into vesicles that depart TGN.

It is important to note that the interaction of the VHS
domain with the receptor of the VHS alone is not sufficient
to recruit GGA from the cytosol to the TGN overexpressed
VHS of GGA3 alone shows a diffuse cytoplasmic distribution
without any clear membrane association [31]. Thus, most
probably, the membrane localization of GGAs is due to mul-
tiple membrane contacts which also involve other domains. In
fact, the GAT domain, by virtue of its binding to Golgi-spe-
cific ARF, is the principal driver of the membrane association
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Fig. 3. A: Ribbon diagram of the structure of the VHS domain of Hrs with the helices labeled [41]. B: Superimposed ribbon diagram of the

structures of the VHS (red) and ENTH (cyan) [41,45].

of GGA as evidenced by experiments using brefeldin A, by
direct interaction studies, and by studies with mutant con-
structs [30-32,36]. Also the hinge region of GGAs may be
involved due to its binding to clathrin [48,49]. Thus, as to
GGAs, a picture is emerging in which multiple interactions
are used to target the protein to a specific membrane compart-
ment, followed by a VHS-mediated recognition/recruitment of
the cargo. At this point it is not clear whether the GGAs
function as coat proteins to nucleate their own coated vesicles
or serve to mediate the entry of the cargo into forming AP-1
clathrin-coated vesicles. The GGAs could perform both of
these functions.

Unlike GGAs, the functions of the VHS domains of other
proteins are poorly known. In view of a high degree of intra-
group similarity of the VHS domain especially within STAM/
EAST/Hbp (70% identity) and also within VHS-FYVE pro-
teins (> 35% identity), which is higher than the overall sim-
ilarity between the subgroups (~25%), it is to be expected
that they interact with specific cargos as well. One crucial
topic of future studies is to try to identify these putative, as
yet unidentified target (receptor)s.

Regardless of the binding target of the VHS domains, it
seems that, similar to GGAs, the primary targeting of
STAM/EAST/Hbp is dictated by a coordinate action of sev-
eral domains. This is evident from our own studies in which
separately expressed N-terminal (containing VHS) and C-ter-
minal domains of EAST displayed distinctly different subcel-
lular association with overlapping but different vesicular
structures [5]. Interestingly, the localization of the exoge-
nously expressed VHS domain rather than of the C-terminal
half was closer to that of the native EAST, suggesting the
primacy of the VHS domain as a targeting domain in this
class of VHS proteins. In STAM, a coiled-coil region which
overlaps with the ITAM motif could provide one such target-
specifying region through its binding of the early endosome-
associated Hrs [11]. Another targeting mechanism for EAST
and STAM could be provided through their association either
directly or in a multimolecular complex, with the EGF recep-
tor and Epsl5 [5], or with several cytokine receptors [6,9],
respectively.

It is also worthy of note that the VHS domain of EAST
binds actin, and, upon overexpression, brings about changes
in the organization of the cortical actin cytoskeleton [50]. This
could be of significance in view of the by now well-established

role of the actin cytoskeleton in the orderly functioning of the
endocytic machinery [51].

Hrs is the best studied of the VHS-FYVE proteins. Its
targeting to early endosomes, its primary residence, is through
the FYVE domain along with a coiled-coil domain as dem-
onstrated by mutant studies [25]. On the other hand, there are
also results pointing to a dispensability of FYVE in this tar-
geting [26]. The functional features of VHS in this class of
proteins are poorly known except that it seems to be non-
essential for endocytic targeting of Hrs [26].

5. Conclusions

The uniform presence of VHS in the very N-terminus of its
residence proteins suggests that it serves a closely similar func-
tion in all of them. Based on the by now well-established
cargo recognition functions of VHS in GGA:s, it is reasonable
to assume that the VHS domains of other proteins also are
involved in such actions. Thus, it could be anticipated that the
recognition of the cargo, either directly or indirectly, by VHS
plays a role in the STAM/EAST/Hbp-associated endocytosis
of a selected set of receptor molecules. VHS-FYVE proteins
operate primarily at the level of early endosomes. Could their
VHS domains sort incoming receptors for some specific path-
way from these vesicles onwards? Whether VHS is only one,
‘non-specific’, longshoreman that recognizes the cargo based
on a common code (with the specificity coming from the in-
teractions of other domains which dictate the location of the
protein), or whether there are in fact several longshoremen
which only work specific cargos (and load only certain types
of vesicles without any help in recognition from the neighbor-
ing domains), and whether the functions include not only
loading but also unloading, remains to be seen.
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