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ABSTRACT: VHS domains are found at the N-termini of select proteins involved in intracellular membrane
trafficking. We have determined the crystal structure of the VHS domain of the human Tom1 (target of
myb 1) protein to 1.5 Å resolution. The domain consists of eight helices arranged in a superhelix. The
surface of the domain has two main features: (1) a basic patch on one side due to several conserved
positively charged residues on helix 3 and (2) a negatively charged ridge on the opposite side, formed by
residues on helix 2. We compare our structure to the recently obtained structure of tandem VHS-FYVE
domains from Hrs [Mao, Y., Nickitenko, A., Duan, X., Lloyd, T. E., Wu, M. N., Bellen, H., and Quiocho,
F. A. (2000)Cell 100, 447-456]. Key features of the interaction surface between the FYVE and VHS
domains of Hrs, involving helices 2 and 4 of the VHS domain, are conserved in the VHS domain of
Tom1, even though Tom1 does not have a FYVE domain. We also compare the structures of the VHS
domains of Tom1 and Hrs to the recently obtained structure of the ENTH domain of epsin-1 [Hyman, J.,
Chen, H., Di Fiore, P. P., De Camilli, P., and Bru¨nger, A. T. (2000)J. Cell Biol. 149, 537-546].
Comparison of the two VHS domains and the ENTH domain reveals a conserved surface, composed of
helices 2 and 4, that is utilized for protein-protein interactions. In addition, VHS domain-containing
proteins are often localized to membranes. We suggest that the conserved positively charged surface of
helix 3 in VHS and ENTH domains plays a role in membrane binding.

The intracellular flow of lipids and proteins between
organelles is central to a vast array of cellular processes.
The molecular machinery that directs this membrane traffic
has come into sharper focus with the determination of the
three-dimensional structures of key endocytic (1, 2), exocytic
(3, 4), and endosomal (5-8) proteins and domains. The
VHS1 domain, found in the Vps27, Hrs, and STAM proteins
among others (9), has recently been implicated in membrane
trafficking processes.

VHS domains are∼150-residue domains located at the
N-termini of three groups of proteins. Proteins in the first
group, including the yeast Vps27 protein, its mammalian
homologue Hrs (hepatocyte growth factor-regulated tyrosine
kinase substrate), and the related Hrs-2 protein, contain a
FYVE domain C-terminal to the VHS domain. FYVE
domains (found in Fab1p, YOTB, Vac1p, and EEA1) are

membrane localization domains that specifically bind
phosphatidylinositol 3-phosphate (10-12). Vps27 and Hrs
regulate endosome maturation and trafficking between endo-
somes and the yeast vacuole or mammalian lysosomes (13).
Hrs-2 is an ATPase involved in Ca2+-dependent transport
of synaptic vesicles to the plasma membrane and interacts
with the synaptic membrane-associated protein SNAP-25
(14).

A second group of VHS domain-containing proteins is
involved in signaling by growth factor receptors and in re-
ceptor endocytosis. EAST (epidermal growth factor receptor-
associated protein with SH3 and TAM domains) associates
with the EGF receptor and clathrin-coated pits, and becomes
phosphorylated in response to EGF (15). EAST also associ-
ates with Eps15, another EGFR substrate. Eps15 is localized
to clathrin-coated vesicles, binds theR subunit of the endo-
cytic adaptor complex AP-2, and is required for receptor-
mediated endocytosis (16-18). EAST also colocalizes with
the actin cytoskeleton and focal adhesion components and
may mediate EGF effects on the cytoskeleton (15). An
N-terminal portion of EAST, including its VHS domain and
∼30 additional residues, appears to mediate the interaction
between EAST and the actin cytoskeleton. The STAM (signal
transducing adaptor molecule) protein participates in cyto-
kine-mediated signaling and is phosphorylated by the Jak2
and Jak3 tyrosine kinases. STAM enhances the induction of
c-myc by cytokine stimulation (19) and associates with Hrs
under these conditions (20). The domain organization of
STAM and EAST is very similar (9); in addition to VHS
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domains, both contain SH3 domains and ITAM motifs.
ITAMs (immunoreceptor tyrosine-based activation motifs)
function as SH2 domain binding sites when they are
phosphorylated. An uncharacterized yeast gene product,
YHA2 (Saccharomyces cereVisiae open reading frame
YHL002W), contains VHS and SH3 domains in a similar
region of its sequence as EAST and STAM but lacks an
ITAM domain (9). YHA2 has been shown to interact with
Vps27 in a large-scale study of yeast protein-protein
interactions (21); this interaction may be analogous to the
STAM-Hrs interaction mentioned above.

Recently, a third group of proteins containing VHS
domains has been identified. Termed GGAs (Golgi-localized,
γ-ear containing, ARF-binding), these proteins also contain
a central region (called a GAT domain) which interacts with
ARFs (ADP ribosylation factors). The C-termini of the GGAs
are homologous to the ear domain of theγ-adaptin subunit
from the AP-1 adaptor complex (22-25). The ear domains
of adaptins bind to accessory proteins, helping to recruit them
to the AP complexes and to the membrane surface (1, 26).
The homologous regions of the GGAs bind to some of the
same proteins asγ-adaptin (24). GGAs are localized to the
trans-Golgi network and late Golgi membranes, and may
function as adaptors themselves, or even as components of
a Golgi-specific coat complex (23, 24).

An 85-residue subsection of the ARF-binding GAT region
of the GGAs has limited homology to portions of two other
VHS domain-containing proteins, Tom1 (target of myb 1)
and Tom1Like (23, 27). While less is known about the
function of Tom1 than other VHS domain-containing
proteins, it has been shown that transcription of the Tom1
gene is induced by the oncogene v-Myb in transformed cells.
v-Myb or its cellular protooncogene counterpart, c-Myb,
activates Tom1 transcription in cooperation with the Ets
transcription factor, another protooncogene (27). c-Myb is
involved in cell differentiation processes, including hemato-
poiesis (28). Tom1 may help to regulate membrane traffick-
ing in response to c-Myb activity during cellular differen-
tiation or transformation.

Thus, VHS domains are found in a variety of proteins that
span the breadth of intracellular membrane traffic. They are
invariably found at the N-termini of these proteins. The
function of VHS domains has been investigated through
membrane localization studies. Green fluorescent protein
(GFP) fusions with the VHS domain of GGA3 are primarily
cytosolic (23). In contrast, the VHS domain of GGA2
localizes diffusely to intracellular membranes (but not
specifically to the Golgi) when expressed by itself (25). The
VHS domain of EAST associates with the plasma membrane
and colocalizes with clathrin (29). These results suggest that
VHS domains may partially determine the intracellular
localization of the proteins in which it is found.

To further investigate the function of the VHS domain,
we attempted to determine a VHS domain structure by
subcloning several VHS domains and screening them for
efficacious overexpression and crystallization. We were
successful in crystallizing the VHS domain from the Tom1
protein, and we present its structure at 1.5 Å resolution. Mao
et al. (7) recently published the structure of the VHS and
FYVE domains from the Hrs protein. Hrs belongs to the first
group of VHS domain-containing proteins classified above,
while Tom1 is similar to the GGAs in the third group. We

compare the Tom1 VHS and Hrs VHS structures in this
paper. In addition, the structure of the ENTH (epsin
N-terminal homology) domain of epsin-1 was recently
reported (8). ENTH domains are found at the N-termini of
a group of proteins involved in endocytosis. The best-
characterized ENTH-containing proteins, the epsins, bind
clathrin and AP2 (30, 31); these binding interactions map to
the C-terminal halves of the epsins, and do not appear to
involve the ENTH domains. The structure of the epsin-1
ENTH domain exhibits remarkable similarity to that of the
Tom1 VHS domain despite the lack of discernible sequence
homology. Structural comparison between the two VHS
structures and the ENTH structure emphasizes elements of
protein sequence and structure that are conserved between
the domains.

EXPERIMENTAL PROCEDURES

Expression and Purification.Residues 2-153 of Homo
sapiensTom1 were amplified from an expressed sequence
tag (IMAGE clone 667343; Soares_NhHMPu_S1 library)
using PCR. The sequence was cloned into theBamHI and
EcoRI sites of the pHis-Parallel2 vector (32), which adds a
six-His tag and TEV (tobacco etch virus) protease cleavage
site to the N-terminus of the expressed protein. The fusion
protein was expressed inEscherichia coliBL21(DE3) cells
(Novagen) grown for 20 h at 20°C after induction with 0.5
mM IPTG. Cells in lysis buffer [150 mM NaCl, 50 mM Tris-
HCl (pH 8.0), 2 mM DTT, 100 µg/mL AEBSF, and
leupeptin, pepstatin, and aprotinin (1µg/mL each)] were
lysed using a French press (SLM-Aminco). The His-tagged
protein was purified on a Ni-NTA Superflow column
(Qiagen) in a 50 to 400 mM imidazole gradient. The six-
His tag was cleaved off by overnight incubation, at 4°C,
with 1000 units of TEV protease (Gibco-BRL). Cleaved six-
His tags, uncleaved fusion protein, and TEV protease (which
is also His-tagged) were removed by another pass over the
Ni-NTA column in 5 mM imidazole. The cleaved protein
was concentrated to 20-30 mg/mL and stored in 20%
glycerol at -80 °C. The protein yield was∼5 mg/L of
culture. The final expressed protein contains the N-terminal
sequence GAMGS, contributed by the vector, and Tom1
residues 2-153. Selenomethionylated (SeMet) protein was
expressed in theE. coli methionine auxotroph B834 (Novagen)
grown in defined medium. SeMet protein was purified using
the same protocol that was used for the native protein, but
with only ∼50% of the native yield.

Protein Crystallization. Freshly thawed protein was dia-
lyzed into a low-salt buffer [50 mM NaCl, 20 mM Tris-HCl
(pH 8.0), 0.1 mM EDTA, and 10 mM DTT] at a concentra-
tion of 12-18 mg/mL (a range of protein concentrations was
always screened). Native and SeMet crystals were grown
by vapor diffusion in hanging drops consisting of 2µL each
of protein and crystallization buffer [20% PEG 8000 and
100 mM HEPES (pH 7.5)]. Crystals grew at 20°C or at
room temperature (unregulated) in 5-10 days, to a maximum
size of 0.6 mm× 0.3 mm× 0.3 mm.

Crystallographic Data Collection.Crystals were cryo-
protected by brief soaking in 100 mM HEPES (pH 7.5), 17%
PEG 8000, and 15% PEG 400. Cryoprotected native crystals
were frozen by immersion in liquid propane; SeMet crystals
were frozen directly in the Nitrogen vapor cryostream,
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warmed (annealed) by brief resoaking in cryoprotectant, and
refrozen. In the absence of annealing, the SeMet crystals
almost invariably had split diffraction spots and high
mosaicity. Native crystals also benefited from annealing.
Initial data were collected using mirror-focused Cu KR
radiation from a Rigaku RU-200 rotating anode source at
100 mA and 50 kV and an RAXIS-IV image place detector.
Autoindexing using HKL (33) showed that the crystals were
in space groupP21 with the following unit cell dimensions:
a ) 42.1 Å,b ) 52.9 Å,c ) 73.2 Å, andâ ) 99.8°. Native
and (three-wavelength) SeMet MAD data were collected
at beamline X9B (National Synchrotron Light Source,
Brookhaven National Laboratory, Upton, NY) (Table 1). No
inverse beam or other collection strategy was adopted. The
native and SeMet crystals diffracted to 1.5 and 1.9 Å,
respectively, at the beamline. Synchrotron data were also
indexed and merged using HKL.

Structure Determination and Refinement.Identification and
refinement of the heavy-atom sites, MAD phasing and
density modification (solvent flipping), and refinement were
carried out in CNS 0.9 (34). Five of eight possible selenium
sites were used in phasing. Solvent flattening using a solvent
fraction of 0.43 and data to 2.4 Å yielded an interpretable
density map, which was used to build an atomic model in O

(35). Refinement was carried out using torsional dynamics
and the maximum likelihood target function (34), the
stereochemical restraints of Engh and Huber (36), and the
thermal factor restraints of Tronrud (37). The freeR factor
(38) calculated with∼10% of the observed reflections was
used to monitor the refinement. The final structure includes
two Tom1 VHS domains in the asymmetric unit and 385
water molecules. Tom1 residues 2-153 and a single N-
terminal residue (Ser) contributed by the vector are resolved
in each of the protein molecules. The stereochemical quality
of the structure is as good as or better than expected for
structures of this resolution, as gauged in PROCHECK (39).
No non-glycine residues are in the disallowed or generously
allowed regions of the Ramachandran plot.

RESULTS

Structure of the Tom1 VHS Domain.The human Tom1
VHS domain, consisting of residues 2-153, is a right-handed
superhelix of eight helices (Figure 1A). Helix 5 is only half
as long as the other helices and runs perpendicular to them.
Helix 8 points away from the others, but the cleft between
helix 8 and helices 6 and 7 is filled with hydrophobic residues
from all three helices. The core of the Tom1 VHS domain
consists almost exclusively of hydrophobic residues, with
polar, acidic, and basic residues restricted to the surface of
the domain. The Tom1 VHS domain appears to be a
monomer in solution from gel filtration data (not shown).
The VHS domain, however, crystallizes as a dimer in
crystallographic space groupP21 (Table 1). The contacts
between the two molecules in the asymmetric unit are limited
(Figure 1B), and the crystallographic dimer is likely non-
physiological.

Table 1: Crystallographic Data Collection, Phasing, and Refinement
Statistics

Crystallographic Data and Phasing
space group P21

cell dimensions a ) 42.07 Å,b ) 52.86 Å, c) 73.22 Å,â ) 99.75°

dmin

(Å)
no. of

reflections
complete-

ness 〈I〉/〈σ〉
Rsym

a

(%)

SeMetλ1

(0.97925 Å)b
1.90 44630 (4245)c 93.5 (89.4) 20.6 (4.6) 3.4 (16.0)

native
(0.97930 Å)

1.50 49338 (4775) 97.0 (94.8) 22.4 (6.3) 7.6 (27.6)

Observed Dispersive and Bijvoet Ratiosd

λ1 λ2 λ3

λ1 0.060 0.023 0.036
λ2 0.038 0.042
λ3 0.046

figure of merit 0.78 (0.69)

Refinement
resolution range 16-1.5 Å
no. of reflections 48257
Re 19.3% (17.4%)c

Rfree
f 22.1% (21.4%)

Luzatti coordinate error 0.16 Å
cross-validated Luzatti coordinate error 0.19 Å
bond-length deviation 0.019 Å
bond-angle deviation 1.9°
improper-angle deviation 1.38°
dihedral deviation 21.2°
averageB factor 13.2 Å2

bonded main chain atomB factor rmsd 1.16 Å2

bonded side chain atomB factor rmsd 2.3 Å2

residues in the most favoredφ-ψ region 92.6%
residues in disallowed regions 0.0%

a Rsym ) ΣhΣi|Ii(h) - 〈I(h)〉|/ΣhΣiI i(h). b Statistics forλ2 (0.97972 Å)
and λ3 (0.95740 Å) were very similar to those forλ1. c Values in
parentheses are for the highest-resolution bin.d Ratios are calculated
as 〈∆|F|〉/〈|F|〉, using data between 5 and 2.5 Å.e R ) Σ(|Fobs| -
k|Fcalc|)/Σ|Fobs|. f Rfree is the R value calculated for a test set of
reflections, comprising a randomly selected 10% of the data, not used
during refinement.

FIGURE 1: Structure of the Tom1 VHS domain. (A) Secondary
structure of Tom1 VHS. (B) Tom1 VHS dimer in the crystallo-
graphic asymmetric unit. The interaction between the monomers
is limited, suggesting that the dimer is nonphysiological. Structures
were drawn using Molscript (58).
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The N-terminal loop preceding the first helix is longer in
Tom1 than most other VHS domains and is primarily
hydrophobic. In the crystal, the loop prominently extends
away from the rest of the protein. The extended conformation
of the N-terminal loop is stabilized by packing against the
C-terminus of helix 8 and the loop between helices 6 and 7
of a symmetry-related molecule. The N-terminal loop also
makes limited contact with the N-terminus of helix 3 from
a second symmetry-related molecule.

Surface of Tom1 VHS.Two features dominate the Tom1
VHS domain surface: a positively charged patch on one side
of the domain and a negatively charged ridge on the opposite
side (Figure 2A). In the Tom1 VHS structure, the pocket is
partially shielded on one side by the extended N-terminal
loop. The positive charges are contributed by four basic
residues gathered together on helix 3: Arg52, Lys55, Lys56,
and Arg57. At least two of the latter three residues are con-
served or conservatively substituted in most VHS domains;
the first is less well conserved. The positive patch surrounds
a small nearby pocket, formed by a gap between the helix
3-helix 4 interhelical loop and helices 6 and 7 (Figure 2A,
marked with an asterisk). Lys62, Arg101, and Lys106 cause
the rim of this pocket to be positively charged, but the bottom
of the pocket is lined with hydrophobic residues. Six water
molecules occupy the pocket in our structure.

A set of acidic residues that stretch across helix 2, the
neighboring loops, and part of helix 3 give rise to a
negatively charged surface on the opposite side of the
domain. These include two residues whose counterparts in
Hrs interact with FYVE domains (see below). These acidic
residues include aspartic acids 22, 29, 38, and 40 and
glutamic acids 28, 35, 42, 44, and 45. All of these residues
are conserved in at least some of the other known VHS
domains. Only one basic residue, Lys48, is near this series
of acidic residues. The result is a negatively charged “ridge”
on one side of the domain (Figure 2A).

Comparison between VHS Domains from Tom1 and Hrs.
The sequences of the Tom1 and Hrs VHS domains are 33%
identical. The VHS domain structures align structurally with
an rms deviation of 1.54 Å over 127 residues that align
closely, and 2.20 Å overall. The biggest differences are found
at the N- and C-terminal loops; the N-terminal loop of Tom1
VHS is seven residues longer (Figure 3). Helices 6 and 8
align less closely than helices 1-5 and 7. Four residues on
helix 2 of the Hrs VHS domain (Pro21, Trp23, Pro24, and
Asp31) make contact with FYVE domains from the same
molecule and from the partner molecule of a homodimer (7).
They are located on the same side of helix 2 and point away
from the VHS domain. Trp23 and Asp31 are conserved in
Tom1 VHS. As in the Tom1 VHS domain, these residues
are located on a negatively charged ridge (Figure 2B). The
positively charged pocket due to basic residues on helix 3
is, however, also present on the Hrs surface (Figure 2B).

Comparison between Tom1 VHS and the ENTH Domain
of Epsin-1.Like Tom1 VHS, the ENTH domain of epsin-1
consists of eight helices (8). The first seven helices of epsin-1

FIGURE 2: Molecular surface of Tom1 VHS, Hrs VHS, and epsin-1
ENTH using a 1.4 Å probe. The surfaces are colored according
to electrostatic potential, with saturating colors at 10 kT (blue)
and-10 kT (red) at 298 K and a salt concentration of 150 mM.
Electrostatic calculations were performed and surfaces rendered
and colored using SPOCK (59). The N- and C-termini are marked.
(A) View of the Tom1 VHS domain looking at helices 1, 3, 6,
and 8 (left) and a view rotated 180°, looking at helices 2, 4,
and 7 (right). The asterisk marks a small pocket lined with basic
residues (see the text). (B) Hrs VHS domain in the same orientation
as in panel A. (C) Epsin-1 ENTH domain in the same orientation
as in panel A.

FIGURE 3: Structural comparisons between Tom1 VHS and Hrs
VHS domains. (A) Superimposed structures of Tom1 VHS (dark
gray) and Hrs VHS (white). Structures were drawn using Molscript
(58). (B) Root-mean-square deviation between Tom1 and the
corresponding Hrs residues.
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ENTH overlap with those of Tom1 VHS (rms deviation of
1.38 Å over 97 closely aligned residues, and 2.67 Å overall).
The eight helices are completely different (Figure 4). The
eighth helix of the epsin-1 ENTH domain lies perpendicularly
across helices 2 and 4 and the helix 4-helix 5 interhelical
loop. Other than helix 8, the regions of greatest divergence
between the two structures are the N-terminus and the helix
6-helix 7 intrahelical loop. The latter is six residues
longer in the ENTH structure and extends outward from the
domain.

On the basis of structural similarity, 18 of some 33 residues
conserved or conservatively substituted among ENTH do-
mains (8) are also conserved in the VHS domains (Figure
5). Most of these are hydrophobic residues which make up
the cores of the domains, but several acidic and basic residues
on helices 3, 4, and 7 are also conserved. This leads to a
surface charge distribution on the ENTH domain that is
similar to that of the VHS domains in several respects (Figure
2C). Basic residues on helices 1 and 3 contribute to a positive
surface patch similar to the positive VHS surface discussed
above. Another positive surface patch unique to the ENTH
domain is located between helices 6 and 7, which would be
covered by helix 8 in the VHS domains. On the other side
of the ENTH domain, a positive patch is present between
helices 7 and 4. Acidic residues on helices 1-3 form a
negatively charged face that is a smaller counterpart to the
negatively charged ridge of the VHS domains. These residues
include Asp45, which is the equivalent of Hrs Asp31, one
of the Hrs residues that contacts the FYVE domains. The
side of the ENTH domain formed by helices 2, 4, 5, and 7
is covered by helix 8 and presents a convex rather than
slightly concave surface, unlike the VHS domains. The main
electrostatic features of the VHS domains, i.e., a positively
charged patch on one side and a negatively charged ridge
on the other, are preserved in the ENTH domain. The major
differences between the respective surfaces are due to the
different conformations of helix 8 in the two structures.

Similarity between Tom1 VHS and Other Superhelical
Domains. Tom1 VHS, like the VHS domain of Hrs and the
ENTH domain of epsin, exhibits similarity to other, larger,
superhelical proteins. For example, helices 3-7 super-
impose with an rms deviation of 3.5 Å with helices in HEAT
repeats 10-12 of karyopherinâ (40). Other structures with
appreciable similarity to VHS were found using DALI (41).
These include the N-terminal domain of the son-of-sevenless

protein (42), â-catenin (43), the N-terminal domain of chon-
droitinase (44), and theR-subunit of protein farnesyltrans-
ferase (45). In all these proteins, except karyopherin, the
corresponding superhelical region engages in intra- or inter-
protein contacts. Inâ-catenin and farnesyltransferase, the
apposition of repeating helical motifs results in large, curved
modules with concave and convex sides. In both cases, the
concave side is the one that engages in heteromeric inter-
actions. The N-terminal helical domain of son-of-sevenless,
however, packs against the rest of the protein through a
slightly convex surface. Although VHS domains are much
smaller than theâ-catenin and farnesyltransferase super-
helices, they also demonstrate a slight curvature. It is the
slightly concave side (including helix 2) that contacts other
domains or proteins (7).

DISCUSSION

A ConserVed Protein-Protein Interaction Surface.The
Tom1 VHS, Hrs VHS, and ENTH domains share a similar
tertiary structure. Of particular interest is the portion of the
VHS domain surface that interacts with FYVE domains in
the tandem VHS-FYVE structure of Hrs (7). In Hrs, the
VHS domain interacts with the FYVE domain from the same
molecule as well as a linker segment between the FYVE
and VHS domains. The VHS domain also interacts with the
FYVE domain from a second, partner molecule in a
homodimer. These interactions cluster on one side of the
VHS domain so that the two FYVE domains interact with
each other in an antiparallel manner (Figure 6A). The two
FYVE domains bury 850 Å2 of accessible surface area on
the Hrs VHS domain. Residues on helices 2 and 4 and the
helix 4-helix 5 interhelical loop form the primary points of
interaction between the VHS domain and the two FYVE
domains. Several residues that interact with the FYVE
domains are conserved in Tom1 VHS, even though the full-
length Tom1 protein does not contain a FYVE domain.

Trp30 in Tom1 is the counterpart of Hrs Trp23 (Figure
6B). This Trp is also conserved in the EAST and STAM
proteins and the GGAs. Hrs Trp23 and Pro21 interact with
residues located on the loop betweenâ-sheets 3 and 4 of
the intramolecular FYVE domain (7). Also on helix 2, Tom1
Asp38 is the counterpart of Hrs Asp31. All known VHS
domains have an acidic residue at the corresponding position.
Residues at two positions make contacts with the symmetry-
related FYVE domain in the Hrs structure. The carbonyl
oxygen of Hrs Pro24 (the counterpart of Tom1 Ala31)
interacts with the side chain of Thr174 through a water
molecule, while the Hrs Asp31 side chain interacts directly
with the backbone amides of Thr174 and Phe173. Several
residues on helix 4 of Tom1 are also conserved among VHS
domains. These include Tom1 Lys79 and Asn80, which is
conserved in all known VHS domains except the GGAs. The
Hrs counterparts of both residues interact with the inter-
domain loop located between the VHS and FYVE domains
(Figure 6B). Specifically, the side chain and amide group
of Asp153 make two hydrogen bonds to the side chain of
Asn72, while the carbonyl oxygen of Phe150 makes a
hydrogen bond to the carbonyl group of Lys71 via a water
molecule. The side chain of Phe150 itself protrudes into a
cleft between helices 4 and 7 which is lined with hydrophobic
residues. The conservation of the VHS residues described

FIGURE 4: Superimposed structures of Tom1 VHS (dark gray) and
epsin-1 ENTH (white). Structures were drawn using Molscript (58).
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above suggests that they may interact with other domains
or with an interdomain linker in Tom1 as well as Hrs.

Several VHS residues that contact the FYVE domains are
also conserved in the epsin-1 ENTH domain, despite the
limited overall sequence similarity between the two domains.
From a superposition of the ENTH and Hrs VHS domains,
it is evident that helix 8 of the ENTH domain is spatially
equivalent to the interdomain linker of Hrs (Figure 6C).
Residues on ENTH helices 2 and 4 interact with helix 8
rather than with another domain or with an interdomain linker
(Figure 6A). Epsin Asp45, which is equivalent to Tom1
Asp38, makes direct hydrogen bonds with the Lys151 side
chain. Asp45 and Lys151 are conserved or conservatively
substituted in almost all other ENTH domains. On helix 4,
Thr87 is the epsin counterpart of Tom1 Asn80. Thr87
interacts via water molecules with Lys151 and Ala147
(Figure 6C). The side chain of epsin Arg144 interacts with
backbone atoms of two other residues on helix 4, Ile85 and
Gly88. These interactions form a spatial (but not sequence)
counterpart to the interaction involving Lys71 and Phe150
in Hrs. In fact, the interactions in both domains cluster into
three regions that are roughly spatially equivalent (compare
panels B and C of Figure 6). The fact that the interactions
between VHS and FYVE domains have counterparts in the
ENTH domain, coupled with the conservation of several of
the residues that participate in these interactions, emphasizes
that helices 2 and 4 of VHS and ENTH domains constitute
a conserved protein-protein interaction surface.

The interactions define surface “hot spots” that may be
used by VHS domains for making protein-protein contacts
(Figure 7) with domains other than FYVE domains. Other
domains that are found in VHS domain-containing proteins
include SH3 domains, present in STAM, EAST, andS.
cereVisiaeYHL002W (9). Another such domain is the Arf-
interacting GAT domain found in the GGAs (23). Tom1
includes an 85-residue sequence homologous to a part of
GAT domains. The domains listed above are all relatively
small (e160 residues). SH3 domains, especially, are pri-

marily â-stranded and have interstrand loops that are topo-
logically similar to the FYVE domain loops that interact with
the VHS domain (7, 46).

In contrast to the VHS domains, the surface of the ENTH
domain includes helix 8, which covers the interaction hot
spots shown in Figure 7. Helix 8 buries 830 Å2 of accessible
surface area on helices 1-7, almost as much area as is buried
by the two FYVE domains on the VHS domain of Hrs. The
contrasting positions of helix 8 in VHS and ENTH domains
raise the possibility that this helix can adopt more than one
conformation in these domains. Even though they do not
correspond spatially, the eighth helices of the ENTH and
VHS domains share some sequence similarity. Two posi-
tively charged residues on ENTH helix 8 (epsin-1 residues
Arg144 and Lys151) that interact with helices 2 and 4 (Figure
6C) have counterparts in helix 8 of Hrs with a similar spacing
(Hrs residues Lys127 and Lys134). The latter is a basic
residue in most VHS domains. Under the proper regulatory
circumstances, helix 8 of Hrs could displace the interdomain
linker and adopt an alternate conformation, similar to that
of ENTH helix 8. This would provide a method for
“decoupling” FYVE and VHS domains. It is clear that the
mere absence of the FYVE domain is not sufficient to cause
helix 8 of the VHS domains to adopt an ENTH-like
conformation, since helix 8 has the same conformation in
the Tom1 VHS domain as in the Hrs VHS-FYVE tandem
structure. On the other hand, helix 8 of the ENTH domains
could also be displaced and adopt a conformation similar to
that of helix 8 in the VHS domains. The epsin-1 ENTH
domain has been shown to interact with the promyelocytic
leukemia Zn2+ finger protein, a transcription factor (8). This
interaction could occur through the solvent-exposed side of
helix 8, which is lined with several charged and polar
residues, or through another part of the ENTH domain
surface that has no analogue in the VHS domains. However,
if ENTH helix 8 is displaced, helices 2 and 4 would be
exposed and could also be utilized for this protein-protein
interaction.

FIGURE 5: Structure-based sequence alignment between Tom1 VHS, Hrs VHS, and epsin-1 ENTH. The secondary structure that is shown
is for Tom1 VHS. Conserved and conservatively substituted residues are shown in boldface. The symbols below the alignment designate
residues that participate in protein-protein contacts as follows: (*) in VHS domains, (&) in ENTH domains, and (†) in VHS and ENTH
domains. The eighth helix of the ENTH domain is boxed off, to emphasize that it does not overlap spatially with the eighth helices of the
VHS domains.
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The interfaces observed with the protein contact site are
notable for the relatively small number of direct polar
interactions (Figure 6B,C). There is just one salt bridge in
the ENTH domain and just one direct side chain-side chain
polar hydrogen bond in the Hrs VHS-FYVE interface. All
other side chain-side chain interactions are made through
intervening water molecules. The remaining interactions are
between side chain and backbone atoms or involve only
backbone atoms. The apparent low specificity of these
interactions lends support to the possibility that the inter-
actions observed with helices 2 and 4 of the VHS and ENTH
domains are breakable and could therefore be used to interact
reversibly with a variety of intra- as well as interprotein
binding partners.

Extended N-Terminal Sequence and NPF Motif of Tom1
VHS. The N-terminal loop of Tom1 VHS contains the
sequence Asn-Pro-Phe (NPF). In certain components of
the endocytic machinery such as intersectin (47), the epsins

FIGURE 6: (A) Schematic of the protein interface site in the Hrs VHS-FYVE heterodimer, Tom1 VHS, and the epsin-1 ENTH domain.
Each FYVE domain makes intra- and intermolecular contacts with the associated VHS domains. Helix 8 is shown explicitly. (B) Wall-eye
stereoview of interactions between residues on the Hrs VHS domain and FYVE domains, and their Tom1 counterparts. Tom1 VHS residues
and the backbone are shown in white. Tom1 VHS residues are labeled in black italics. The Hrs backbone and side chains are colored gray.
Hrs residues are labeled with gray text. The backbone and side chains of the symmetry-related FYVE domain are colored black. Residues
of the symmetry-related FYVE domain are labeled in plain black text. Hrs water molecules are shown as gray spheres. (C) Interactions
between helices 2, 4, 5, and 8 of the ENTH domain, and their counterparts in Tom1. ENTH backbone and side chains are colored gray.
ENTH residues are labeled with gray text. Water molecules in the ENTH structure are shown as gray spheres. The Tom1 backbone and
residues are colored white, and residues are labeled with black italicized text, as in panel B. Dashed lines represent putative hydrogen
bonds (3.2 Å cutoff). Note the overlap between ENTH helix 8 and the interdomain linker and the FYVE domain of Hrs. Rendered using
SPOCK (59).

FIGURE 7: Surface of the Tom1 VHS domain, colored to emphasize
potential points of contact with other domains or proteins. The
molecule is in the same orientation as in Figure 2A. Rendered using
SPOCK (59).
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(30), and synpatojanin-1 (48), the NPF sequence acts as a
binding site for Eps15 homology (EH) domains (49). The
VHS domains of the Tom1, EAST, and STAM proteins also
contain NPF motifs at their N-termini. We attempted to
model the entire VHS domain or the N-terminal loop from
Tom1 into the defined NPF binding sites of the EH1 or EH2
domains of Eps15 (50, 51). It was not possible to avoid
steric clashes between the domains when docking the
N-terminal loop (data not shown). In addition, we performed
GST pull-down assays between the Tom1 VHS domain and
GST-EH1 or GST-EH2 fusions (data not shown). The
assays revealed no binding between these domains. EH
domains demonstrate a preference for binding peptides that
contain Ser and/or Thr residues immediately preceding the
NPF motif (47, 52); these are not present in the Tom1
sequence. We conclude that the NPF motif of Tom1-VHS
does not bind EH domains.

Do VHS Domains Bind Membranes?The conservation of
a basic surface in the region surrounding helix 3 is the only
striking similarity between the otherwise divergent molecular
surfaces of the VHS and ENTH domains. Conserved basic
surfaces are characteristic of membrane targeting domains
(53). The positively charged surface can come into apposition
with the negatively charged membrane surface, while a
hydrophobic protrusion serves as a second anchor by
penetrating into the membrane interior. In membrane binding
domains such as the pleckstrin homology (PH), C2, and
FYVE domains, the positively charged surface contains a
stereospecific binding pocket for negatively charged mem-
brane lipids. In the PH and FYVE domains, arginine and
lysine residues extend outward from the domain and make
electrostatic interactions with the negatively charged head-
groups of phosphoinositide lipids (54-56). The surface of
the Tom1 VHS domain (Figure 2A) is characterized by a
positively charged patch. Arg52, Lys55, and Lys56 in this
pocket protrude outward from the domain, as does the nearby
Lys48, which is also well-conserved among VHS domains.
Such a positioning of the VHS at the membrane surface
leaves the negatively charged surface on the other side of
the domain exposed and away from the membrane. This
portion of the surface would be free to interact with other
proteins or domains. Several VHS and ENTH domain-
containing proteins are known to localize to intracellular
vesicles or to the surfaces of organelles. Given the lack of
any other known common functional feature in this class of
proteins, the most parsimonious explanation for the conserved
basic surface is that this region is involved in membrane
binding.

In the structure of the Hrs FYVE domain (7), the relative
positions of the VHS and FYVE domains would not allow
the positive patch on the VHS domain and the phospho-
inositide binding pocket of the FYVE domain to lie against
the membrane surface simultaneously. As discussed above,
however, the interactions between the FYVE and VHS
domains appear to be potentially breakable. The flexibility
of the interdomain linker could then allow both domains to
come into proper contact with the membrane surface. This
could be a way to regulate the membrane binding affinity
of proteins containing tandem VHS and FYVE domains.

Intracellular localization studies suggest that VHS domain-
containing proteins are typically localized to cellular
membranes. These proteins contain other domains that can

function as membrane localization domains in two ways.
They may bind membrane lipids directly, as FYVE domains
do. Alternatively, they may bind other proteins that are
themselves localized to the membrane. This appears to be
the role of the ITAM domains of EAST and STAM. A
construct of the EAST SH3 and ITAM domains localizes to
perinuclear vesicles in the absence of the VHS domain (29).
The full-length EAST protein, or the VHS domain by itself,
localizes to the plasma membrane. The VHS domain of the
GGAs is diffusely localized to intracellular membranes when
expressed by itself (25). In contrast, specific localization of
the GGAs to the trans-Golgi network is mediated by their
GAT, or ARF-binding, domains (23). The VHS domain may
function as a low-efficiency membrane-binding domain. As
has been reported for the PH domains of dynamin (57),
oligomerization of VHS domains or VHS domain-containing
proteins might be necessary to drive membrane binding. A
preference for binding specific intracellular membranes may
arise from other domains on the same protein. Alternately,
both VHS and other membrane localization domains on the
same protein may have specific targets. High-affinity binding
of the protein may only occur at membranes that contain all
the required ligand targets, leading to high selectivity in
intracellular localization.
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