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Abstract A new method for predicting interacting resi-
dues in protein complexes, InterProSurf, was applied to the
E1 envelope protein of Venezuelan equine encephalitis
(VEEV). Monomeric and trimeric models of VEEV-E1
were constructed with our MPACK program, using the
crystal structure of the E1 protein of Semliki forest virus as
a template. An alignment of the E1 sequences from
representative alphavirus sequences was used to determine
physical chemical property motifs (likely functional areas)
with our PCPMer program. Information on residue vari-
ability, propensity to be in protein interfaces, and surface
exposure on the model was combined to predict surface
clusters likely to interact with other viral or cellular
proteins. Mutagenesis of these clusters indicated that the
predictions accurately detected areas crucial for virus
infection. In addition to the fusion peptide area in domain
2, at least two other surface areas play an important role in
virus infection. We propose that these may be sites of
interaction between the E1–E1 and E1–E2 subdomains of
the envelope proteins that are required to assemble the
functional unit. The InterProSurf method is, thus, an
important new tool for predicting viral protein interactions.
These results can aid in the design of new vaccines against
alphaviruses and other viruses.

Keywords Venezuelan equine encephalitis virus
(VEEV) . Alpha virus . Protein–protein interaction .
Envelope glycoprotein . Functional site prediction

Introduction

Venezuelan equine encephalitis virus (VEEV), an
enveloped, positive, single-stranded RNA virus of the
Togaviridae family, genus Alphavirus, was first recog-
nized as an agent causing disease in animals in the
1930s. Although its primary hosts are small animals and
livestock, VEEV can spread, via infected mosquitos, to
humans and cause life-threatening disease characterized
by fever, chills, headache, back pain, myalgias, pros-
tration, nausea, and vomiting. Sporadic outbreaks are
common, with periodic epidemics of enzootic VEEV
occurring throughout North and South America [1–3].
In 1971, an outbreak originating in South America and
reaching as far north as Texas resulted in tens of
thousands of cases in people and the loss of more than
200,000 horses. A more recent outbreak in Columbia
and Venezuela in 1995 resulted in an estimated 90,000
infected people (CDC web site, http://www.cdc.gov/
ncidod/dvbid/arbor/arbdet.htm). The overall mortality
rate in humans infected with enzootic strains is 0.5–1%,
with up to 20% in patients who develop encephalitis.
However, epizootic strains of VEEV (I-A/B and I-C)
have emerged that are much more lethal, with equine
mortality rates as high as 83% [3]. For these reasons and
the possibility that VEEV could be weaponized, there is
increased interest in developing both improved vaccines
and possible inhibitors against it and related
alphaviruses.

Cell entry of all alphaviruses is mediated by two
envelope proteins, E1 and E2. E1 is thought to mediate
fusion with the cell membrane through a “fusion peptide”
that has been delineated by mutation studies. The E2
protein, which forms spikes on the viral surface, likely
binds to the cellular receptor [4, 5]. Both proteins are
highly conserved within the alphaviruses, with overall 50–
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55% sequence identity. Cryo-EM studies of Sindbis,
Semliki forest virus (SFV), and VEEV particles show
that the envelope glycoproteins are arranged on the outer
surface of the virus in a similar icosahedral lattice [5–8].
While there are no high-resolution crystal structures of
VEEV proteins, there are crystal structures available for the
E1 protein of the closely related SFV [9]. We used the
known three-dimensional (3D)-structure of SFV, a bioin-
formatics sequence analysis, a computational method for
predicting potential interacting sites and site-directed
mutagenesis to determine surface regions of the E1 proteins
critically involved in the cell fusion process.

Correct interactions of the E1 protein with itself [9] and
other viral proteins, particularly E2, are crucial for viral
assembly and presumably for successful fusion with the
cell membrane after binding to the surface receptors. The
high sequence identity to the SFV-E1 protein allowed us to
produce a reliable model for the VEEV E1 protein, using
our modeling software suite MPACK (http://curie.utmb.
edu/mpack/). We then used our recently developed method
for predicting interacting surfaces, InterProSurf (http://
curie.utmb.edu/prosurf.html), to identify residue clusters
on the surface of the model that were likely to be involved
in cell-receptor and E2 interactions. Alanine substitutions
were then made in the VEEV E1 protein and these were
used to produce VEEV-envelope pseudotyped viruses,
which bear the envelope proteins of VEEVon the core of a
murine retrovirus particle [10]. Particle incorporation and
infection efficiency was then measured. Our results show
that mutations at residue positions predicted by Inter-
ProSurf to interact were much more likely to negatively
impact viral infection than those predicted by simpler
analytical methods, such as hydropathy prediction and
manual surface analysis alone. The most important of these
were clustered at the tip of the E1 protein and at two other
positions on opposite sides of the E1 protein. The tip is
most likely directly responsible for mediating membrane
fusion while the other sites are more likely responsible for
E1–E1 and E1–E2 interactions, but not in engaging
receptor. The utility of our method in functional analysis
of protein–protein interactions within the VEEV envelope
proteins is discussed.

Materials and methods

Homology modeling and sequence analysis

We used the MPACK [11–15] suite to build a homology
model of the VEEV-E1 envelope protein, using as template
the crystal structure of the Semliki forest virus E1 envelope
protein (PDB id 1RER, resolution 3.2A), which is ∼54%
identical in sequence (Figure 3 in Appendix). All disulfide-
bonded cysteine residues in the SFV E1 are conserved in
the VEEV E1. MPACK combines the programs EXDIS
[13] to extract the distance and angle constraints from the
template and DIAMOD, which generate the homology
model of the protein by using the geometric constraint from
EXDIS. The final model was energy minimized with

FANTOM [16] and the geometry of the final model was
evaluated using PROCHECK [17] (Fig. 1a). The trimeric
structure of VEEV E1 was obtained by fitting homology-
modeled VEEV E1 structure into the Semliki forest virus
E1 trimer. The final trimer structure was energy minimized
with AMBER force field. Graphics were generated with
MOLMOL [18]. To model the 51 residues in the
transmembrane region of E1, [19] template PDB structures
2IFO and 1IFP were selected from the fold recognition
server [20]. The JPRED [21] analysis shows that the amino
acid residues in the transmembrane segment are mainly
hydrophobic residues and form a helix.

Prediction of interacting sites on VEEV E1
using InterProSurf

Groups of residues which are in spatial proximity on the
surface of the 3D model of the VEEV E1 envelope protein
were identified by using a clustering technique [22–28].
The clustering of the amino acid residues on the protein
surface was based on the solvent accessible surface area of
each amino acid residue calculated by the GetArea (http://
www.scsb.utmb.edu/cgi-bin/get_a_form.tcl) [29]. Based
on our analysis, only the amino acid residues having the
side chain surface area to random coil (RSRC) value
greater than 20% were assumed to be surface exposed and
retained in the protein structure. The amino acid residues
having RSRC values less than 20% were assumed to be
buried and removed from the structure. The random coil
value (RSRC) of a residue X is the average solvent
accessible surface area of residue ‘X’ in the tripeptide Gly-
X-Gly in an ensemble of 30 confirmations. In this way, all
solvent-exposed residues on the protein surface were
identified. In the next step, the solvent-exposed amino
acid residues were replaced by their Cβ atom (cα atom in
case of the Gly residue). These amino acid residues on the
E1 surface were clustered in such a way to minimize the
distortion which is defined as square of the euclidean
distance, d(x, y) between the residue position (x) and the
centroid of the cluster (y) [23, 28]. This can be achieved by
defining an encoding region or the boundary of the cluster
(e.g., j) as

V j ¼ x : d x; yj
� �

< d x; yið Þ8i 6¼ j
� �

(1)

The protein surface was partitioned into thirty-two
clusters and the score of each cluster was calculated by

Score ¼

P
j2Vj

p jASA j

P
j2Vj

ASA j
(2)

where pj is the propensity of amino acid residues at the
protein interface and ASAj is the solvent accessible area of
the amino acid residues in the unbound protein. The
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clusters were sorted based on this interface score and the
highest scoring clusters were predicted as being part of an
interacting surface. We tested the sensitivity and precision
of our prediction method for 72 test protein complexes with
known 3D-structures. The sensitivity measures the ratio of

all correctly predicted interfaces residues relative to all
actually present interface residues, and the precision
measures the ratio of all correctly identified interface
residues relative to all predicted residues. If we accept only
a small number of high scoring clusters in our prediction,
we find a high precision and yet a low sensitivity. For eight
to ten clusters, we found that our method gives a good
compromise between sensitivity and accuracy. In addition
to the original data set of 72 protein complexes, we also
tested the performance of our method to predict the
interface residue in 21 protein complexes which were not
present in the training data set. The overall accuracy was
found to be around 70% (Negi et al., in preparation).

Assembly of VEEV-envelope-pseudotyped viruses
and titer determination

VEEV-envelope-pseudotyped retroviruses were assembled
as described previously [10]. These particles bear the
envelope proteins of VEEV on the core of the retrovirus,
murine leukemia virus (MLV). Virus binding to cells and
infection is mediated by the VEEV envelope proteins. In
brief, 293 cells were co-transfected with plasmids encoding
murine leukemia virus gag and pol genes (pGAG-POL),
pψ EGFP [encodes green fluorescent protein (GFP) with
retrovirus packaging sequence], and pVEEV-env (encodes
the envelope proteins of VEEV under control of a CMV
promoter). Transfection was by calcium phosphate. Two
days later, the virus was collected from culture supernatants
and filtered through a 0.45-μm filter to remove cells and
debris. Virus titers were determined by limiting dilution.
There were 293 cells plated to 20% confluence and infected
with fivefold serial dilutions of virus. Virus titer was
determined by counting GFP-expressing colonies of cells.
Envelope incorporation into virus particles was evaluated
by Western blot analysis using the 12CA5 monoclonal
antibody to detect an HA-epitope tag added to the C
terminus of E1 protein as shown in Fig. 2a.

Plasmids

All plasmids were purified by either cesium chloride
density gradient or Qiagen (Valencia, CA, USA) midi
columns by standard methods. The VEEV envelope
expression construct is for the 3,908 subtype 1C strain of
VEEV and was reported previously [10].

3Fig. 1 The homology model of VEEV E1 protein obtained by
MPACK. a The variability plot of VEEV E1, showing the
conservation of amino acid residues in their evolutions. The blue
color indicates highly conserved residues while red indicates less
conserved residues. The amino acid residues labeled with their one-
letter code and numbers are predicted as functionally important
residues. b, c Comparison of the residues predicted to be involved in
protein interactions according to InterProSurf (left, green ) with
the residues effecting the titer of pseudotyped MLV particles. Color
indicates the most deleterious (red ) to intermediate (magenta )
to wild type (blue )
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Mutagenesis of E1

Amino acid substitutions were made in the E1 envelope
protein using oligonucleotide-mediated site-directed muta-
genesis. Codons for aromatic residues in residue clusters
identified by InterProSurf were targeted and were changed
to codons for alanine while residues 153, 186, 206, 233,
257, 288, 331, 214, 333, and 373 were changed to
glutamine. A Quickchange kit (Stratagene) was used. All
changes were confirmed by DNA sequencing.

Results

Description of the model

The homology model of VEEV E1, based on the crystal
structure of the SFV-E1 (PDB id 1RER) [9] is shown in
Fig. 1a. The root mean square deviation between the model
and the template structure was 0.328 Å, consistent with the
homology between the target and the template. The total
area of the modeled VEEV E1 envelope protein is
20,308.71 Å2 (SFV=20,475 Å2), the number of surface
atoms is 1,838 (SFV=1,793), and the number of buried
atoms is 1,139 (SFV=1,200). The figure shows the
conservation of amino acid residues in the family of nine
related alphaviruses as calculated by our PCPMer program
[30, 31]. The blue color indicates highly conserved
residues while red indicates less conserved residues.
Conserved residues of E1 in the alphavirus family map
primarily on one face. This information is used in
combination with predicted areas for protein interfaces by
InterProSurf to find potential functional important areas
of E1.

We also prepared a model of VEEV E1 as a trimer, based
on that seen in crystal structures of SFV-E1 [9]. In this
model, the trimer is formed by the amino acid residues
forming the beta sheets in domain 1 and the amino acid
residues forming the hinge region between domain 1 and
domain 2. The envelope protein structure in the fusion
peptide region is stabilized by two disulfide bonds, which
may be necessary for correct formation of the fusion
peptide and the transmembrane domain. The fusion peptide
is contained in a loop between two beta strands and enters
into target cells by receptor-mediated endocytosis [9, 32].
Domain 3, which has an immunoglobulin-like fold lies at
the outer surface of the trimer. Most of the conserved amino
acid residues found in the monomer as well as in the trimer
are located in the fusion peptide loop and in the contact
region between chains of the trimer. The residues in the
contact regions are involved in the binding of E1 envelope
protein. The amino acid residues in fusion tip of the E1
protein do not participate in the trimer contacts. However,
at neutral pH, the trimer subunits may interact with each
other via fusion peptide loop [9].

We used the PCPMer program [30, 31] to identify
highly conserved PCP motifs in a multiple sequence
alignment of E1 proteins from selected alphaviruses
(Figure 4 in Appendix). A sequence analysis revealed that
both envelope proteins E1 and E2 of VEEV are likely
acylated and having one acylation site in each ectodo-
main. The VEEV E1 envelope protein has one glycosyl-
ation site at amino acid residue N-134, a NITV motif
predicted by the PROSITE [33] search. The position of
the glycosylation sites in E1 and E2 envelope protein of
alpha viruses show that E1 positioned tangentially on the
virus surface while E2 positioned radially and form spikes
on the virus surface [34]. The glycosylation sites in E1
and E2 envelope protein of alpha viruses obtained from
PROSITE search are shown in Table 1.

Fig. 2 Analysis of the effect of mutations in VEEV-E1 on virus
titer. Alanine was substituted for 22 surface-exposed residues
predicted to be in an interface by InterProSurf (solid bars), as
compared to 14 randomly selected amino acid residues in the E1
monomer (open bars). a Construct design (top). The envelope
proteins of VEEV were expressed using a CMV promoter-driven
expression plasmid in which E1 was modified by addition of a C-
terminal HA tag. b Distribution of the titers for the 17 residues from
the eight highest-scoring clusters and c for all 22 predicted residues
mutated, which were selected from the ten highest-scoring clusters
(bottom)
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Predicting interacting residues with InterProSurf

The InterProSurf method, described in “Materials and
methods”, was used to predict residues on the E1 surface
that are most likely to interact with other proteins. The
InterProSurf method uses both the surface exposure of
residues on a given protein structure and our propensity
scale for the amino acids to be in a protein interface (Negi
et al., in preparation) to determine clusters on the surface
with a high probability of being interacting sites. The
accuracy of the prediction depends on the geometry of the
protein surface determined by solvent accessible surface
area. The prediction method was successfully tested for a
large set of PDB data (Negi et al., forthcoming) and applied
to predict the interacting amino acid residues in the VEEV
E1 envelope protein. The results of the prediction for the
VEEV E1 surface are shown in Table 2, with their interface
and surface score as calculated by Eq. 2. Consistent with a
functional role, the predicted amino acid residues were also
highly conserved in other alpha viruses (Fig. 1a). The
InterProSurf analysis was used to select ten high-scoring
clusters of amino acid residues in the VEEV E1 envelope
protein surface that should be important for protein–protein
interaction (Fig. 1b,c). These clusters are located at the end
terminal of domain 2 and at the actual interface of the
envelope protein E1. Most of the clusters (1, 4, and 6 in the
fusion region of domain 2; 2, 3, and 8, in the trimer interface
region of the SFV crystal structure) are in regions already
identified as important for interaction by previous results.
Several of the clusters, especially 7 and 9, are in conserved
regions of the protein that have not previously been
identified as important for interaction.

Mutagenesis of the predicted residues

To test the validity of the prediction method, substitutions
were made for 22 residues predicted as important for E1
infection, as described in “Materials and methods”. Mutant
E1 proteins were then tested for their effects on the
infectivity of pseudotyped MLV carrying the VEEV
envelope proteins and compared to a set of 14 randomly
chosen surface-exposed residues. The level of E1 expres-
sion for each mutant was determined in cell pellets, and
incorporation into virus particles was by Western blot. We
found that most recombinants were expressed and
incorporated well into virions. In contrast, we obtained a
wide range of viral titers from zero up to wild type. To
simplify the analysis, we divided the mutant viruses into
three groups according to the virus titer: normal (20–100%
of wild type), intermediate deleterious (2–20%), and those
that effectively precluded infectivity (<2% of wild-type
plaque-forming unit). Figure 2 and Table 3 summarize the
results showing that mutations at 14 positions predicted by
InterProSurf, based on top ten clustering scheme, had
significantly reduced viral titer (67%), while only seven of
those chosen on the basis of hydropathy (46%) did.
Furthermore, only two of the randomly selected mutants
(13%) and nine (43%) of the InterProSurf selected residues
had less than 2% of the wild type titer. These findings
support the usefulness of the prediction technique in
identifying regions of functional importance such as those
required for protein–protein interactions. The functional
relevance of each mutation for E1–E1 and E1–E2
interactions, receptor binding, and membrane fusion will
be the subject of future work.

A correlation of the InterProSurf prediction with muta-
genesis results showed that the amino acid substitutions at
the predicted residues are more likely to have a significant
impact on virus titer and the envelope protein function
compared to the amino acid substitutions made for
randomly chosen residues. Figure 2b,c shows the compar-
ison of the results obtained from the InterProSurf
prediction analysis and the mutagenesis experiment for
the top eight and ten scoring clusters, respectively. We
restricted our analysis to ten high-scoring clusters because
a further increase in the cluster number will increase the
sensitivity but decrease the precision of the prediction
method. These results confirm the validity of the hypoth-
esis used to predict functionally important residues on the
VEEV envelope E1 protein surface as shown in Table 3.

Discussion

Analyzing the effects of mutations
using VEEV-pseudotyped MLV

We were able to use a novel methodology to determine
functional residues in the VEEV E1 envelope protein.
VEEV can cause lethal human infections and there is no

Table 1 Glycosylation sites in E1 and E2 envelope protein of alpha
viruses obtained from PROSITE search

E1 VEEV 134–137 NITV E2 VEEV 318–321 NFTV
E1 RRV 141–144 NQTT E2 RRV 200–203 NCTC
E1 SDV 139–142 NTTS 262–265 NVTC
245–248 NNSG E2 SDV 196–199 NITY
E1 SFV 141–144 NQTV 318–321 NFTV
E1 EEEV 134–137 NITY E2 SFV 200–203 NCTC
E1 WEEV 139–142 NTTA 262–265 NITC
245–248 NNSG E2 EEV 315–318 NFTV
E1 IOV: 141–144 NITV E2 WEEV 196–199 NVTY
E1 ONV: 141–144 NITV 318–321 NFSV
E1 AUV: 139–142 NSTA 405–408 NATV
245–248 NNSG E2 IOV 263–266 NTTC

345–348 NGTA
E2 ONV 263–266 NTTC
345–348 NGTA
E2 AUV 197–200 NVTY
319–322 NFSI
406–409 NATV

Only one site matching the Prosite pattern (N-X-S/T) is present in
the VEEV E1 and E2 envelope proteins
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Table 2 List of amino acid residues predicted on the VEEV-E1 surface using InterProSurf

Cluster
number

Residue
name

Residue
number

Surface-exposed area
(ASA)

Amino acid score=interface
propensity×ASA

Average relative
entropy

Interface
score

Surface
score

32 TRP 89 184.42 407.18 2.596 1.63 0.76
GLY 90 69.81 64.46 1.918
GLY 91 48.60 44.87 1.918
ALA 92 59.49 51.04 2.275
TYR 93 152.66 272.21 2.000

20 TYR 185 56.61 100.94 2.365 1.49 0.81
ASN 186 38.51 33.73 2.217
TYR 187 73.65 131.33 1.472
ALA 248 48.87 41.93 1.656
PRO 249 91.90 95.28 0.538
PHE 253 103.45 228.41 0.532
THR 254 26.19 19.05 0.958

8 ALA 11 26.58 22.81 1.022 1.43 0.83
TRP 170 104.42 230.55 1.823
PRO 256 35.60 36.91 2.643
PHE 257 82.56 184.32 1.930
GLY 258 29.72 27.44 1.918
GLU 260 59.03 44.16 0.926
ASN 270 39.02 34.17 1.296
VAL 273 39.28 50.33 1.225
GLU 341 36.55 27.34 1.883
ALA 342 20.40 17.50 0.876

30 GLY 83 26.78 24.73 1.918 1.37 0.86
TYR 85 69.94 124.71 2.759
PRO 86 123.24 127.78 2.643
PHE 87 91.70 204.72 1.930
ALA 226 65.62 56.30 1.229
GLY 227 45.60 42.10 1.145

13 HIS 331 104.12 137.93 2.611 1.27 0.90
PRO 333 80.51 83.47 1.020
GLY 335 82.69 76.35 0.882
ARG 366 67.44 75.36 0.749
GLN 368 41.52 40.54 1.421
TYR 373 121.70 217.00 0.357

31 PHE 95 106.77 238.36 1.930 1.26 0.90
CYS 96 84.04 120.48 3.330
ASP 97 122.17 87.77 1.937
GLU 99 101.75 76.12 2.330

3 ILE 18 74.46 105.25 0.930 1.25 0.90
ASN 20 81.49 71.37 1.339
TYR 24 183.30 326.84 2.365
ALA 25 65.31 56.04 1.324
PRO 26 65.42 67.83 2.643
LEU 27 63.92 100.58 1.329
PRO 28 77.98 80.85 0.496
THR 288 79.08 57.51 1.231
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readily available human vaccine. Thus, work with the
whole virus must be done under BSL3 conditions. The use

of pseudotyped viral particles allows one to work at BSL2,
which greatly facilitates analysis of large groups of

Cluster
number

Residue
name

Residue
number

Surface-exposed area
(ASA)

Amino acid score=interface
propensity×ASA

Average relative
entropy

Interface
score

Surface
score

21 PRO 190 38.47 39.89 2.643 1.16 0.94
GLU 191 82.68 61.85 1.676
TYR 192 83.59 149.05 1.931
GLY 193 46.64 43.06 1.918
ALA 194 52.80 45.30 1.312
ASP 212 59.86 43.00 1.937
TYR 214 74.73 133.25 1.397
ARG 206 114.31 127.73 1.218

26 MET 55 95.40 140.16 0.910 1.10 0.96
GLN 77 61.11 59.66 1.034
LYS 79 102.02 57.44 1.331
VAL 220 80.46 103.09 0.686
GLN 222 89.47 87.35 0.689
TYR 233 78.71 140.35 2.365
THR 234 77.68 56.49 1.332

5 TYR 147 63.24 112.76 1.931 1.10 0.96
GLY 150 40.00 36.93 1.918
GLU 151 98.38 73.60 0.694
PRO 153 103.24 107.04 1.488
VAL 154 55.42 71.01 0.792
PRO 165 58.29 60.44 2.643

Only the top ten high-ranking clusters with their interface and surface scores are shown in the table, along with their solvent accessible
surface area, average relative entropy, and their interface residue propensity and surface propensity scores. The relative entropy is calculated

by the equation Ri
k ¼

P5
b¼1

Q Xb
� �

log2
Q Xbð Þ
P X bð Þ

� �
[31]

Table 2 (continued)

Table 3 Effect on virus titer of mutations at residues predicted to be important for protein interactions by InterProSurf

Amino acid residue Total ASA Virus titer Predicted to be important Residue name Total ASA Virus titer Predicted to be important

Y 24 183.30 Normal Yes Y 147 63.24 Low Yes
H 50 85.30 Normal No P 153 103.24 Normal Yes
I 60 62.02 Low No T 171 42.66 Normal No
E 67 128.50 Medium No R 175 142.49 Medium No
R 73 61.17 Normal No N 186 38.51 Normal Yes
E 76 27.20 Normal No Y 192 83.59 Medium Yes
K 79 102.20 Normal Yes R 206 114.31 Medium Yes
F 81 22.03 Low No Y 214 74.73 Medium Yes
P 86 123.24 Low Yes Q 222 89.47 Normal Yes
F 87 91.70 Low Yes R 223 117.40 Normal No
W 89 184.42 Low Yes K 225 165.09 Normal No
G 91 48.86 Low Yes Y 233 78.71 Low Yes
Y 93 152.66 Medium Yes F 257 82.56 Low Yes
F 95 106.77 Low Yes T 288 79.08 Normal Yes
D 97 122.17 Low Yes H 331 104.12 Medium Yes
Y 107 47.67 Medium No P 333 80.51 Normal Yes
H 125 101.08 Medium No H 362 92.97 Medium No
F 132 97.40 Normal No Y 373 121.70 Normal Yes

The virus titers for the mutants were classified as normal (similar to wild type), medium, or low (<2% of wild type). Amino acid residues are
shown by one-letter code along with their total surface-exposed area (ASA) in the model of VEEV-E1. Most of the predicted amino
acid residues have low virus titer as shown in Fig. 2
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mutants, as in this study. In addition, however, the use of
viral pseudotypes allows us to isolate interactions specific
to the envelope proteins from other processes that the
mutations might affect. Infection is a multistage process
and a block at any step will result in a loss of titer. The E1
protein of VEEV must interact with itself and several other
proteins, including E2 and the virus capsid, and proteins in
the cell membrane at several areas of its surface during
infection. Other results have also indicated that the
alphavirus envelope proteins must also undergo conforma-
tional changes during the binding of the virus to the cell
surface through receptor. In wild-type VEEV, the enve-
lope–capsid interactions are also important in virus
assembly but are not required for pseudotype formation
and entry. The use of VEEV-pseudotyped virus particles
permits us to study the envelope protein interactions alone.

Predicting interacting residues with InterProSurf

To predict the functional sites [35, 36] on the envelope
protein surface, we used our recently developed method,
InterProSurf. Our method combines information from the
3D structure of the protein and the propensity of the amino
acid residues to be in the protein interface to predict
interacting clusters. According to statistical tests, the
InterProSurf method correctly identifies the interacting
sites on the protein surface important for protein–protein
interaction. The accuracy of the methods depends on the
properties of amino acid residues involved in the protein
interaction and the geometry of the protein surface
determined by solvent accessible surface area of the
residues. Mutants in amino acid residues Trp89 and
Gly91, which are in the highest-scoring cluster, give low
virus titer. The surface exposure of the Gly90 and Gly91
residues in this cluster, which is in the fusion peptide region
of VEEV E1, is higher than the nearby Gly83. This may
explain why replacing the Gly91 with Asp in SFV
completely blocks the fusion and infection [37] while
that of Gly83 has less effect. Mutation studies in influenza
hemagglutinin also show that the mutation of the Gly
residue in the fusion peptide (Gly1-Ser and Gly1-Val)
blocks the fusion activity [38, 39]. The amino acid residues
predicted in clusters 4 and 6 were found to be highly
conserved in their evolution and four of them, Pro86 and
Phe87 in cluster4, and Phe95 and Asp97 in cluster 6,
having low virus titer were verified experimentally. Similar
effects were observed for amino acid residues Tyr147 and
Phe257 which have low virus titer while the residues
Tyr192, Arg206, and His331 have medium virus titer.
These residues are predicted by the InterProSurf and
located at the actual interface of the VEEV E1 trimer
obtained by fitting VEEV-E1-modeled structure into SFV
E1 trimer. The PCPMer sequence analysis also indicates
high relative entropy for these residues.

The clusters we have identified as vital for VEEV E1
function in domains 2 and 3 could control the interaction of
E1 with itself to form a functional homotrimer or may with
E2 in the VEEV heterodimer. We will continue to test the

effect of mutations in these areas in other assays to more
accurately determine the role of these residues in mediating
VEEV entry and fusion with the cell membrane.

Conclusion

The prediction of the functional sites on the protein surface
is a difficult and challenging problem that requires more
knowledge-based approaches. Our InterProSurf analysis of
the amino acid residues on the VEEV E1 envelope protein
surface shows that the amino acid residues in the fusion
region and in the domain 1 of the envelope protein play a
significant role in the fusion and the stability of the virus
itself. These results were verified experimentally using
alanine mutagenesis. Our findings suggest that mutations
in residues in clusters predicted to be in interface clusters
had significant effects on the infectivity of pseudotyped
virus particles. These results help us to determine possible
interacting residues responsible for E1–E1 or E1–E2
interactions. Further experimental results will aid in
refining our model of the surface features of the E1 protein
that play a role in viral assembly and fusion. This
information, in turn, can help guide the development of
new vaccines against alpha viruses and aid in the design of
inhibitors of the viral fusion process.

Acknowledgements We thank Dr. Numan Oezguen and Dr. Bin
Zhou for fruitful discussions and help in drawing the amino acid
residue variability plot. This project was supported by NIH grant No.
R21 AI055746.

Appendix

VEEVE=VEEV E1 Sequence
1RERA=1RER PDB Sequence

VEEVE: 1 YEHATTMPSQAGISYNTIVNRAGYAPLPISITPTKIKLIPTVNLEYVTCHYKTGMDSPAI 60
||| | || | | | || || | || |||| || ||| ||

1RERA: 1 YEHSTVMPNVVGFPYKAHIERPGYSPLTLQMQVVETSLEPTLNLEYITCEYKTVVPSPYV 60

VEEVE: 61 KCCGSQECTPTNRPDEQCKVFTGVYPFMWGGAYCFCDTENTQVSKAYVMKSDDCLADHAE 120
|||| || || |||| |||||||||||||||| |||| | ||| || | |||

1RERA: 61 KCCGASECSTKEKPDYQCKVYTGVYPFMWGGAYCFCDSENTQLSEAYVDRSDVCRHDHAS 120

VEEVE: 121 AYKAHTASVQAFLNITVGEHSIVTTVYVNGETPVNFNGVKLTAGPLSTAWTPFDRKIVQY 180
|||||||| | | ||||| | | |||| |||||| ||| |

1RERA: 121 AYKAHTASLKAKVRVMYGNVNQTVDVYVNGDHAVTIGGTQFIFGPLSSAWTPFDNKIVVY 180

VEEVE: 181 AGEIYNYDFPEYGAGQPGAFGDIQSRTVSSSDLYANTNLVLQRPKAGAIHVPYTQAPSGF 240
| | ||| || |||| ||||||||| | |||||| | | || | |||||| ||||

1RERA: 181 KDEVFNQDFPPYGSGQPGRFGDIQSRTVESNDLYANTALKLARPSPGMVHVPYTQTPSGF 240

VEEVE: 241 EQWKKDKAPSLKFTAPFGCEIYTNPIRAENCAVGSIPLAFDIPDALFTRVSETPTLSAAE 300
| | | | ||||| | ||| || ||||| || || ||| | ||

1RERA: 241 KYWLKEKGTALNTKAPFGCQIKTNPVRAMNCAVGNIPVSMNLPDSAFTRIVEAPTIIDLT 300

VEEVE: 301 CTLNECVYSSDFGGIATVKYSASKSGKCAVHVPSGTATLKEAAVELTEQGSATIHFSTAN 360
|| | |||||| | | | | | || | ||| || | | |||||

1RERA: 301 CTVATCTHSSDFGGVLTLTYKTNKNGDCSVHSHSNVATLQEATAKVKTAGKVTLHFSTAS 360

VEEVE: 361 IHPEFRLQICTSYVTCKGDCHPPKDHIVTHP 391
| | | || | |||||||

1RERA: 361 ASPSFVVSLCSARATCSASCEPPKDHIVPYA 391

Fig. 3 Pairwise sequence alignment of VEEV E1 envelope protein
(Genbank ID 25140297) and Semliki forest E1 envelope protein
(PDB ID 1RER). Overall sequence identity between VEEV E1 and
SFV E1 was found to be 54%
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