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Natural Variation in the Heparan Sulfate Binding Domain of the
Eastern Equine Encephalitis Virus E2 Glycoprotein Alters Interactions
with Cell Surfaces and Virulence in Mice
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Recently, we compared amino acid sequences of the E2 glycoprotein of natural North American eastern equine encephalitis virus
(NA-EEEV) isolates and demonstrated that naturally circulating viruses interact with heparan sulfate (HS) and that this interac-
tion contributes to the extreme neurovirulence of EEEV (C. L. Gardner, G. D. Ebel, K. D. Ryman, and W. B. Klimstra, Proc. Natl.
Acad. Sci. U. S. A,, 108:16026-16031, 2011). In the current study, we have examined the contribution to HS binding of each of
three lysine residues in the E2 71-to-77 region that comprise the primary HS binding site of wild-type (WT) NA-EEEYV viruses.
We also report that the original sequence comparison identified five virus isolates, each with one of three amino acid differences
in the E2 71-to-77 region, including mutations in residues critical for HS binding by the WT virus. The natural variant viruses,
which possessed either a mutation from lysine to glutamine at E2 71, a mutation from lysine to threonine at E2 71, or a mutation
from threonine to lysine at E2 72, exhibited altered interactions with heparan sulfate and cell surfaces and altered virulence in a
mouse model of EEEV disease. An electrostatic map of the EEEV E1/E2 heterotrimer based upon the recent Chikungunya virus
crystal structure (J. E. Voss, M. C. Vaney, S. Duquerroy, C. Vonrhein, C. Girard-Blanc, E. Crublet, A. Thompson, G. Bricogne,
and F. A. Rey, Nature, 468:709-712, 2010) showed the HS binding site to be at the apical surface of E2, with variants affecting the
electrochemical nature of the binding site. Together, these results suggest that natural variation in the EEEV HS binding domain
may arise during EEEV sylvatic cycles and that this variation may influence receptor interaction and the severity of EEEV disease.

he Alphavirus genus of the Togaviridae contains arthropod-

borne viruses that can cause febrile illness, viral arthritis, and
encephalitis. Among the encephalitis-causing viruses, North
American strains of eastern equine encephalitis virus (NA-EEEV)
are uniquely neurovirulent, resulting in mortality in 35 to 70% of
symptomatic human cases and permanent neurological sequelae
in a similar fraction of survivors (1). While typically, a small num-
ber of humans are symptomatically infected each year, the severity
of EEEV disease and a recent increase in both human cases and
detection of infected human-feeding mosquitoes (2, 3) have
raised substantial concern, as there are no commercially licensed
vaccines or antiviral therapeutics available to combat EEEV infec-
tion. Recently, we demonstrated that naturally circulating strains
of NA-EEEV bind to heparan sulfate (HS) on cell surfaces and that
this interaction promotes neurovirulence most likely through the
following two mechanisms: (i) limiting virus replication in lym-
phoid tissues, leading to avoidance of innate immune and inter-
feron responses to virus infection, and (ii) directly increasing virus
infectivity for brain tissue (4). As of yet, no viral- or host-associ-
ated indicators of disease severity have been identified. However, a
recent review of human pediatric cases concluded that more-ex-
tensive prodromal disease is correlated with survival (5).

Protein ligands typically bind HS through ionic interactions
between sulfate groups on the HS chain and positively charged
amino acids in the protein (6, 7). Consistent with a canonical
mechanism of HS binding, we identified a putative HS binding
domain for naturally circulating NA-EEEV involving three lysine
residues in the E2 71-to-77 (71-77) region (4). Positively charged
residues can also be selected in many viruses through routine cul-
tured cell amplification procedures, and HS binding is a common
phenotype of laboratory virus strains and live-attenuated vaccines
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(8-12). However, in contrast with EEEV, low-passage-number
strains of most arthritogenic alphaviruses do not appear to bind
HS efficiently; yet limited passage of these viruses in vitro can select
for the phenotype (4, 9, 10, 13, 14) (C. L. Gardner, C. Sun, D. L.
Vanlandingham, J. Hritz, T. Y. Song, M. B. Rogers, S. Higgs, W. B.
Klimstra, and K. D. Ryman, unpublished data).

The ease with which such mutations accrue during in vitro
amplification suggests that the HS binding phenotype may be
variable even with naturally circulating viruses. We originally
identified HS as an attachment receptor for naturally circulating
NA-EEEV by comparing the translated E2 glycoprotein amino
acid sequence of the prototypic NA-EEEV strain FL91-4679 to
those of multiple minimally tissue culture-amplified isolates as
well as 20 field isolates derived from tissues of infected crows,
horses, and mosquitoes without in vitro amplification (15-17).
Only 19 of the 61 total isolates and only one of the field samples
exhibited any difference with FL91-4679 regardless of year, site of
isolation, or whether the virus was derived from equines, avian
species, or mosquitoes, reflecting a remarkable degree of conser-
vation (4).

Here, we report that, while the overall amino acid sequence of
the E2 glycoprotein of NA-EEEV strains is highly conserved, the
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putative HS binding domain may represent a “hot spot” for amino
acid sequence variation with significant consequence to virus bi-
ology. Of the 61 isolates aligned, five NA-EEEV isolates possessed
a total of three differences in the putative HS binding domain,
including changes in residues that we demonstrate are critical for
efficient HS binding by the wild-type (WT) virus. Each natural
variant had only one difference in the domain, but all of the dif-
ferences altered the charge balance of the domain in comparison
with the WT, either increasing or decreasing numbers of positively
charged residues. When reconstituted in cDNA clones of WT NA-
EEEV or an attenuated chimeric virus derived from NA- and
South American (SA)-EEEV, each of the mutations altered HS
dependence of infection and heparinase sensitivity by progeny
viruses as well as type I interferon (alpha and beta interferon [IFN-
a/B]) induction (a measure of prodromal disease) and virulence
in mice. These results suggest that HS binding may vary in natural
NA-EEEV isolates, that variants may elicit different degrees of
prodromal disease, and that particular characteristics of HS bind-
ing are linked to the severity of encephalitic disease. To begin to
understand the structure of HS binding sites in EEEV and corre-
late HS binding characteristics and virulence with domain struc-
ture and charge distribution, we have created an electrostatic ho-
mology model of the EEEV WT and variant virus heterodimeric
E1/E2 spikes based upon the recent crystal structure of Chikun-
gunya virus (CHIKV) E1/E2 (18). This model represents the first
depiction of an HS binding domain confirmed to be utilized by a
naturally circulating arbovirus. It is being used to determine the
physicochemical basis of differential HS binding and facilitate
prediction of mutations that confer HS binding but reduced neu-
rovirulence for use in rational vaccine design.

MATERIALS AND METHODS

Ethical statement. All animal procedures were carried out in accordance
with AAALAC-approved institutional guidelines for animal care and use
and approved by IACUC.

EEEV sequence analyses. Nucleotide sequences of the E2 gene from
62 strains of NA-EEEV (15-17) were downloaded from the National Cen-
ter for Biotechnology Information and translated into amino acid se-
quences starting with the amino-terminal amino acids of the mature E2
protein. Amino acid sequences were aligned using Vector NTI software
(Invitrogen).

Viruses and replicons. The NA-EEEV FL93-939 and North Ameri-
can/South American BeAr436087/FL93-939 (NA/SA) chimeric virus
c¢DNA clones (17) were gifts from Scott Weaver (UTMB). Construction of
the HS binding-deficient 71-77 mutant full-length NA-EEEV virus,
NA/SA chimeric virus, and replicon helper has been described (4, 17).
T71, Q71, and K72 natural variant viruses (WT EEEV and NA/SA chime-
ras) and replicon glycoprotein helpers were created using the QuikChange
II XL mutagenesis kit (Stratagene). Virus and replicon stocks were pre-
pared and titers were determined on BHK-21 cells as described previously
(13, 19). BHK-21 cell plaque sizes were measured on neutral red-stained
monolayers. Infectious units in replicon stocks were determined via flu-
orescence microscopy (Olympus CKX41 microscope with the Endow
green fluorescent protein [GFP] filter set) for GFP after BHK-21 cell in-
fection as described previously (20). Virus-specific infectivities (PFU/mi-
crogram of protein) were determined as described previously (4).

Heparan sulfate interaction studies. Control CHOK1 cells and gly-
cosaminoglycan (GAG)-deficient pgsA745 and heparan sulfate (HS)-de-
ficient pgsD677 CHO cells were infected with equal dilutions of each virus
or replicon, and infected cells were enumerated by plaque assay. For hep-
arin competition, viruses were reacted with indicated concentrations of
heparin or bovine serum albumin (BSA; Sigma) for 30 min on ice and
then the preparations were used to infect BHK-21 cells for 30 min on ice,
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followed by washing with virus diluent (VD) (Opti-MEM growth me-
dium; Invitrogen) prior to overlay, transfer to 37°C, and plaque assay. For
infection in high-ionic-strength medium, viruses were diluted into
RPMI-1% donor calf serum (DCS) buffer supplemented to the indicated
NaCl concentration and cells were infected for 30 min at 37°C, followed
by plaque assay. For heparinase assays, BHK monolayers were incubated
with various concentrations of either heparinase I, heparinase II, or hepa-
rinase IIT at 37°C for 1 h, followed by washing with VD and infection with
the indicated viruses. Overlay was applied 1 h after infection, and a stan-
dard plaque assay was performed.

Mouse infections and pathogenesis studies. Groups of five 8-week-
old CD-1 mice (Charles River Laboratories) were infected either intracra-
nially (i.c.) or subcutaneously (s.c.) in both rear footpads with 10 pl of
each diluted virus or 10 pl of VD for mock infections. Virus inocula
containing equal particle numbers were created by adjusting the dilution
of titered virus/replicon stocks to reflect specific infectivity calculations
for purified viruses such that equal virus protein concentrations were
delivered. Virus- and mock-infected mice were observed at 24-h intervals
until disease signs arose and every 12 h thereafter. At each time, mice were
scored for signs of disease and weighed. Average survival times (AST) and
percent mortality (mice that either died or were euthanized) were calcu-
lated as described previously (21). IFN-a/f in sera of infected mice was
determined by biological assay as described previously (19).

Statistical analyses. Statistical significance for mortality curves was
determined by a Mantel-Cox log-rank test (GraphPad Prism software),
and for other experiments, Student’s ¢ test with two-sample equal variance
(Microsoft Excel) was used. All experiments were conducted at least twice
with similar results.

Electrostatic homology model. The homology model of the EEEV
FL93-939 strain E1/E2 trimer and its mutants was constructed based on
sequence alignment with the 05-115 CHIKV strain used recently to deter-
mine the E1/E2 spike crystal structure (Protein Data Bank [PDB] code
2XFB) (18) using Modeler version 9v8 (22). The models of the EEEV
E1/E2 trimer included the E2 N-terminal tail that is missing in the CHIKV
template trimer structure (PDB code 2XFB) (18). The presence of the
N-terminal tail was found to have significant influence on the electrostatic
potential in the areas of interest in the current studies (E2 amino acids [aa]
70 to 80). Consequently, in our representations of the EEEV het-
erodimers, there are some minor differences in the electrostatic potential
between individual E2 monomers. This results from the fact that the tem-
plate trimer structure (PDB code 2XFB) (18) did not exhibit complete C3
symmetry and the newly generated EEEV N-terminal tails lack the C3
symmetry because we did not apply symmetry restraints in the modeling.
Having three different low-energy conformations of N-terminal tails gives
an advantage by improved sampling and avoiding the possible incorrect
interpretation of amino acid sequence variation effects on electrostatics
that may be an artifact of one particular N-terminal tail conformation.
Reflecting this approach, our model is suitable to determine the effects of
amino acid sequence variation that are observed within all three mono-
meric units despite having different N-tail conformations. Charges of
individual atoms and their radius parameters based on an amber force
field (23) were generated by the pdb2pqr program (24). Electrostatic po-
tential was generated by the Adaptive Poisson-Boltzmann Solver (APBS)
package (25). A linearized Poisson-Boltzmann equation was applied with
a dielectric constant of 2.0 for protein and 78.0 for solvent. Electrostatic
potential on solvent-accessible surfaces in the range of —5 kT to 5 kT and
with a solvent radius of 1.4 A was visualized with the PyMol Molecular
Graphics System (Schrodinger, LLC).

RESULTS

Mapping of lysine residues involved in HS-dependent infection
by WT NA-EEEV. In our previous analysis, three lysine residues at
the E2 glycoprotein positions 71, 74, and 77 were mutated to ala-
nine, eliminating HS binding by the virus and defining the extent
of the primary HS binding domain (4). We have now generated
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FIG 1 Dependence of infectivity of EEEV HS binding domain mutants upon
GAGs or HS. Triplicate monolayers of control CHOK1 cells or GAG-deficient
pgsA745 or HS-deficient pgsD677 cells were infected with each replicon for 1 h
at 37°C. GFP-positive cells were then counted at 24 h postinfection. Data are
presented as changes in titer in the absence of all GAGs or HS alone, normal-
ized to titers on CHOKI cells set to 100% infectivity. Error bars are standard
deviations.

enhanced green fluorescent protein (eGFP)-expressing replicons
(as described in reference 4) with each lysine individually mutated
to alanine to determine the contribution of each lysine to depen-
dence of infection upon HS. Comparison of infectivities between
CHOKI1 and GAG- or HS-negative (pgsA745 or pgsD677) cells
indicated that neutralization of individual positive charges at the
71 or 74 position resulted in an HS-independent infection pheno-
type (71, P value of >0.05 comparing infectivity on pgsA745 or
pgsD677 cells with that on WT CHOKI; 74, P value of >0.05
comparing infectivity on pgsA745 with that on the WT and P
value of <0.05 comparing infectivity on pgsD677 cells with that
on the WT) similar to that of the combined neutralization of all
three lysines, while neutralization of the lysine at position 77 had
little effect (P value of >0.05 comparing infectivity on pgsA745 or
pgsD677 cells with that on WT CHOKI1 cells) (Fig. 1). This sug-
gests that the HS binding site of WT EEEV is composed primarily
of the position 71 and 74 lysines and that these residues cooperate
in HS binding such that neutralization of either charge dramati-
cally reduces infection of HS- or GAG-negative cells.

Effects of natural variation in the E2 HS binding domain
upon HS binding by EEEV. The three natural variants identified
in sequence comparisons were spread among five isolates (4) (Ta-
ble 1), which may exhibit some temporal association; however,
there is no apparent geographical association or single host (e.g.,
human, mosquito, equine, avian) associated with mutations
shared by more than one virus (15-17). Notably, the E2 71T vari-
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FIG 2 Dependence of infectivity of EEEV natural variants upon GAGs or HS
or in buffer of increasing ionic strength. (A) Triplicate monolayers of control
CHOKI cells or GAG-deficient pgsA745 or HS-deficient pgsD677 cells were
infected with each virus for 1 h at 37°C. Plaques were then counted at 48 h
postinfection. Data are presented as changes in titer in the absence of all GAGs
or HS alone, normalized to titers on CHOKI1 cells set to 100% infectivity. (B)
Viruses were diluted into RPMI buffer supplemented with NaCl to achieve
each desired concentration and used to infect triplicate BHK cell monolayers
for 1 h at 37°C. Cells were then overlaid, and plaques were counted at 24 hpi.
Data are presented as the alterations in infectivity at each NaCl concentration,
normalized to RPMI alone set to 100% infectivity (data not shown). Error bars
are standard deviations.

ation resulted in creation of an NXT (N = asparagine, X = any
amino acid, T = threonine) N-linked carbohydrate addition site
(Table 1). The E2 protein of this virus exhibited slowed migration
versus all other EEEV strains when infected BHK cell lysates were
separated on SDS-PAGE gels and stained with anti-EEEV antise-
rum, strongly suggesting that the site was modified in mammalian
cells (DNS).

We used a series of cell interaction assays to evaluate the de-
pendence of the variant viruses’ infectivity upon HS compared to
that of the WT and the 71-77 HS-negative mutant (Fig. 2 and 3).

TABLE 1 Amino acid sequence of the E2 HS binding domain and specific infectivity and plaque sizes of viruses used in this study

E2 69-77 amino Specific infectivity” Plaque size®
Virus acid sequence Isolate® (PFU/ng) (mm)
WT NGKTQKSIK FL91-4679 and 42 others 1.0 £ 0.0 6.41 = 0.44
E271-77A NGATQASIA Mutant 92+ 14 4.24 = 0.54
E2 71A NGATQKSIK Mutant ND ND
E2 74A NGKTQASIK Mutant ND ND
E277A NGKTQKSIA Mutant ND ND
E271Q NGQTQKSIK MA38, LA50 1.0 =04 3.81 = 0.42
E271T NGTTQKSIK CT90, MS83 10.0 * 1.4 4.00 £ 0.43
E2 72K NGKKQKSIK TX95 1.1 0.2 1.87 = 0.37

@ Letters represent the state where the virus was isolated; the numbers immediately after the state abbreviation represent the year of isolation (15-17).

b Represented as fold reduction in specific infectivity versus that of the WT. ND, not done.

“ND, not done.
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FIG 3 Sensitivity of infection by natural variants to heparinase digestion. BHK
cell monolayers were washed with VD and then digested with either heparinase
I(A), heparinase II (B), or heparinase III (C) for 1 hat 37°C and washed 2 times
with VD prior to infection with the indicated viruses. At 48 h postinfection,
plaques on the monolayers were enumerated. Data are presented as changes in
infectivity with increasing heparinase concentrations, normalized to a no-
heparinase control set to 100% infectivity. Error bars are standard deviations,
and some are too small to be seen.

In infectivity measurement assays using GAG-negative pgsA745
or HS-negative pgsD677 CHO cells, the 71T variant exhibited no
significant dependence upon GAGs in general or HS specifically
for infection similar to that of the 71-77 mutant while the 71Q
variant exhibited intermediate dependence and 72K was similar to
the WT virus (Fig. 2A). Differences in infectivity between pgsA745
and pgsD677 cells were small for all viruses (Fig. 2A), indicating
that infectivity enhancements due to GAG binding primarily re-
flected interaction with HS. BHK cell-specific infectivity measure-
ments (infectious units/pg protein) were consistent in that viruses
with no significant reduction in infectivity in the absence of HS
(71-77 mutant and 717T) were not significantly different from each
other (P > 0.2) and viruses either partially (71Q) or highly (WT,
72K) dependent upon HS for infection exhibited ~10-fold-higher
specific infectivity and were not significantly different from each
other (P> 0.2) (Table 1). We previously demonstrated with Sind-
bis virus (SINV) (13, 26, 27) that binding to HS increases associ-
ation of virus particles with cells in vitro and, consequently, infec-
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tion efficiency. BHK cell plaque sizes were also variable between
viruses, with the most-HS-dependent viruses producing the larg-
est (WT) and smallest (72K) plaques on BHK cells, respectively,
and HS-independent (71-77, 71T) or partially dependent (71Q)
viruses producing intermediate-sized plaques (Table 1). Compe-
tition of BHK cell infectivity with soluble heparin, a small, highly
charged mimic of HS (6), generally followed these results (DNS),
although the 71T virus was partially competed compared with
71-77, which demonstrated no competition. This may suggest that
heparin has greater affinity for virus particles than HS and ob-
scures other receptor binding sites possibly involving ionic inter-
actions between particles and cells.

To examine the role of ionic interactions in HS binding and
infectivity of EEEV viruses, we infected BHK cells in the presence
of increasing concentrations of NaCl, from the RPMI control,
which is ~103 mM NaCl, to RPMI supplemented to 350 mM
NaCl (Fig. 2B). Increasing ionic strength can give an indication of
HS binding affinity, as stronger HS interactions require higher
ionic strength to disrupt (6, 8, 27). Consistent with minimal de-
pendence upon HS, infectivity of the 71-77 mutant was resistant
to all NaCl concentrations. In contrast, the HS binding WT virus
was reduced ~80% in infectivity by concentrations above 110
mM. The 72K virus demonstrated higher resistance than the WT
to all NaCl concentrations except 350 mM, possibly reflecting a
stronger interaction with HS. Interestingly, the partially HS-de-
pendent 71Q and HS-independent 71T viruses showed similar
sensitivity profiles and were reduced at 200 mM and 350 mM
similarly to the WT virus. Considering the lack of HS dependence
of infection by 71T and the intermediate dependence of 71Q (Fig.
2A), this result may reflect an ionic interaction with cell surfaces
separate from HS binding associated with the presence of either
the additional carbohydrate modification in 71T or the lysine res-
idues at E2 positions 74 and 77 in both viruses.

Finally, we examined the infectivity of each virus for BHK cells
digested with the microbial heparinases heparinase I (Hep I),
heparinase II (Hep II), and heparinase III (Hep III), which de-
grade cell surface HS (recently reviewed in reference 28). Hep II
has the widest specificity for HS substrates, cleaving both HS and
heparin with various sulfation patterns, while Hep I cleaves pri-
marily highly sulfated heparin and Hep III cleaves primarily less-
sulfated regions of HS (29, 30). Hence, the residual HS structure
after digestion of cells differs between the lyases, and it is likely that
viruses that maintain control levels of infectivity after digestion
either do not interact with HS during infection or are capable of
binding these residual HS structures (13). As expected, viruses
with little infectivity dependence upon HS (71-77, 71T) were re-
sistant to treatment of cells with all three of the heparinases (Fig.
3A to C). The 71Q virus, which exhibited intermediate infectivity
dependence, showed a partial reduction with all three enzymes
(Fig. 3A to C). Interestingly, the two highly HS-dependent EEEV
viruses showed marked differences in sensitivity. The WT virus
was highly sensitive to Hep III digestion but resistant to Hep I,
while the converse was found with 72K (Fig. 3A and C). These
viruses were similarly sensitive to Hep II but at slightly different
concentrations (Fig. 3B). In contrast, the HS-binding but adult
mouse-avirulent 39K70 SINV, included here as an HS binding
control, was highly sensitive to all three heparinases. Together,
these data suggest that incorporating a posttranslational carbohy-
drate modification or altering the positive charge balance in the E2
HS binding domain by point mutation can alter the degree and
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nature of dependence upon HS for infectivity. Most importantly,
NaCl infection and heparinase digestion assays suggest that single
site mutations can change either the affinity of interaction or the
HS structure to which viruses bind.

Effects of natural variation in the E2 HS binding domain
upon virus-host interactions. Previously, we demonstrated that
HS binding by the WT virus enhanced neurovirulence in vivo
versus the 71-77 non-HS-binding mutant by increasing infectivity
for cells in the central nervous system (CNS) and diminishing
infection of lymphoid tissues and consequent induction of IFN-
o/ in serum. Furthermore, a chimeric virus attenuated by incor-
poration of nonvirulent SA-EEEV strain BeAr436087 nonstruc-
tural proteins (nsPs) but expressing WT NA-EEEV structural
proteins (SA/NA) caused 100% mortality when injected intracra-
nially while the 71-77 mutant caused no mortality, implying an
association between HS binding and EEEV neurovirulence (4). To
determine if such an association existed with the natural variants
and examine the phenotypes of the natural variants in animals, we
infected adult CD-1 mice with either native viruses, differing only
by the amino acids of the E2 HS binding site, or SA/NA chimeric
viruses containing the SA BeAr436087 nsPs fused to structural
proteins, differing only in the E2 HS binding sequence.

After s.c. infection with particle doses of each virus normalized,
as described in Materials and Methods, to either 250 PFU or 10
PFU of the WT, as expected (4), the WT and 71-77, along with 71T
and 71Q, caused 100% mortality at the 250-PFU dose, but at 10
PFU, only 71-77, 71T, and 71Q caused 100% mortality, with mice
succumbing to infection between 6 and 7 days postinfection (p.i.)
with either dose (Fig. 4A and B). However, 72K caused only 60%
mortality (P < 0.05) at this dose, and both WT and 72K viruses
caused less than 100% mortality at the 10-PFU dose, with the 72K
virus completely avirulent (P < 0.05) (Fig. 4B). At 250 PFU, WT,
71T, and 71Q had similar survival times (P > 0.05) and 71-77 and
72K had significantly extended survival times (P < 0.05), while at
10 PFU, WT, 71-77,71Q, and 71T had similar survival times (P >
0.05). Upon i.c. challenge of the 10-PFU animals with 1,000 PFU
of WT EEEV 10 days after primary infection, none of the 72K-
infected mice survived while all of the WT-infected mice survived,
suggesting that the 72K virus did not establish infection at this
dose. IFN-a/B induction in serum after s.c. infection at a lethal
dose for all viruses (250 PFU) generally mirrored the HS binding
phenotypes, as the HS-independent viruses 71-77 and 71T were
significantly higher than WT or 72K (P values of <0.035 and
<0.045, respectively) (Fig. 4C). The partially HS-dependent 71Q
virus was not significantly different from either group (P > 0.05).
Together, these results suggest that initiation of infection and/or
spread after infection may be suppressed for viruses that bind HS
efficiently and that there is an association between HS binding and
suppression of IFN-a/f induction in serum when the natural
route of infection is mimicked.

When mice were inoculated i.c. with 10 PFU, all viruses caused
100% mortality (Fig. 5A). However, shorter survival times gener-
ally correlated with the capacity to bind HS, as WT, 72K, and 71Q
viruses were not significantly different from each other (P > 0.05)
and were significantly shorter than 71-77 (P < 0.02). The non-
HS-binding 71T was significantly different from WT and 71Q
(P < 0.05) but not from 72K (P > 0.05), although the AST was
longer (3.1 days versus 2.3 days, respectively). Results for a 250-
PFU dose were similar (DNS). Inoculation of mice with 1,000 PFU
of the SA/NA-EEEV chimeric viruses again segregated viruses by
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FIG 4 Effects of natural variation in E2 upon EEEV virulence in mice infected
by a mimic of a natural route and subsequent induction of serum IFN-a/3. (A)
Groups of five adult CD-1 mice were infected with each virus subcutaneously
with a viral protein dose equivalent to either 250 PFU (A) or 10 PFU (B) of the
WT EEEV. Mice either succumbing to infection or reaching euthanasia criteria
were enumerated each day. Average survival times (AST) were calculated as
described in Materials and Methods. (C) Measurement of serum IFN-a/3
induction by bioassay at 48 h postinfection with 250-PFU equivalents of each
virus as described in panel A. This was the time of maximal induction by the
71-77 virus in previous experiments (4). *, significantly different (P < 0.05)
from WT and 72K; LD, limit of detection of the bioassay; N/A, not applicable;
d, days. Error bars are standard deviations.

HS binding phenotype, as WT and 72K viruses caused 100% mor-
tality, the 71Q virus caused 60% mortality, and the 71-77 and 71T
viruses were avirulent (phenotypes reported previously for WT
and 71-77 [4]) (Fig. 5B). Therefore, if viruses are delivered directly
to the CNS without the viremia requirement to spread the virus to
the CNS, the degree of infection dependence upon HS binding as
measured in Fig. 2A is positively associated with virulence.
Structural mapping of the NA-EEEV HS binding domain.
Based upon the crystal structure for the CHIKV E1/E2 het-
erodimer (18), the surface representation of electrostatic potential
calculated by APBS (25) for the WT EEEV virus E2 protein in a
trimer of E1/E2 heterodimers is shown (Fig. 6A and B). El is
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FIG 5 Effects of natural variation in E2 upon EEEV virulence in mice after
direct infection of the brain. Groups of five adult CD-1 mice were infected with
each virus intracranially with a viral protein dose equivalent to 10 PFU of the
WT EEEV (A) or were infected with a viral protein dose equivalent to 1,000
PFU, with the NA/SA chimeric viruses differing only by the indicated residues
in E2 (B). Mice either succumbing to infection or reaching euthanasia criteria
were enumerated each day. Average survival times (AST) were calculated as
described in Materials and Methods.

represented as a ribbon diagram, and ambiguous contact regions
between E1 and E2 are shown in black. The disordered E2 amino-
terminal tail (18) is shown but not constrained such that confor-
mation varies between the three heterodimers.

The HS binding domain of E2 associated with position 71, 74,
and 77 lysines is located near the inner apical surface of the E2
Ig-like domain A in the i5-16 “wing” insertion region (as defined in
reference 18) (Fig. 6A and B). Positively charged residues in this
region, accumulated during cell culture adaptation, can play arole
in HS binding by SINV (E2 70 Lys) (26), Venezuelan equine en-
cephalitis virus (VEEV) (E2 76 Lys) (9), and CHIKV (E2 79 Lys, 82
Arg) (Gardner, unpublished data), with the SINV K70 essentially
conferring efficient HS binding to the otherwise non-HS-binding
TR339 strain (27). Mutation of all three of the 71, 74, and 77
lysines to alanine neutralized the charge all along this edge and is
associated with HS-independent infection (Fig. 7A and B) (4).
Data for HS dependence of infection indicate that with NA-EEEV,
E2 71K and 74K are critical and cooperative mediators of HS in-
teraction, but E2 77K appears to be minimally involved (Fig. 1 and
7C to E). Consistently, all of the natural mutants identified affect
either the E2 71K or the adjacent E2 72 residue. Together, the 71
and 74 lysines create a positively charged site of about 22 A by 15 &
toward the upper edge of the cleft between domains A and B into
which the E1 fusion loop penetrates (Fig. 6E) (18). Importantly,
this size is consistent with that of other charge models of HS bind-
ing sites (e.g., see references 31-33).

With respect to the natural variants, the effect of the 71Q vari-
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FIG 6 Three-dimensional electrostatic surface model of WT EEEV E1/E2
heterodimers in a mature spike complex. The EEEV electrostatic surface
model was calculated based upon the CHIKV crystal structure (18) as de-
scribed in Materials and Methods, with the E1 glycoprotein represented as a
ribbon diagram and ambiguous interface regions between E1 and E2 in black.
The lysine residues at positions 71, 74, and 77 in the E2 protein are indicated by
black letters/numbers and black bars pointing to the specific residue. (A) Side
view of the mature glycoprotein complex. (B) Top view of the complex. Black
arrows point to the nonconstrained placement of the N terminus of E2 in a
subset of heterodimers. The yellow box corresponds to the portion of a single
heterodimer magnified in Fig. 7.

ant appears similar to that of mutated alanine (Fig. 7C and F),
reducing positive charge at the domain B-proximal leading edge
of the domain A-domain B cleft. However, the effect of a polar
residue at this position may be different from that of an uncharged
residue (see Discussion). The 72K variant produces an additional
eminence in the site and increases the positive charge density
within the binding site (Fig. 7A and H). The effect of the presence
of a carbohydrate modification in 71T cannot be shown in this
model since it is not present in the CHIKV crystal (Fig. 7G) (18),
and usually carbohydrates are flexible. However, since this varia-
tion has a larger inhibitory effect on HS interaction than 71Q, we
infer that it acts by a combination of charge neutralization at E2 71
and steric hindrance by the carbohydrate moiety.

DISCUSSION

Effects of mutations to the 71-77 region of EEEV E2 upon HS
binding and animal virulence. These studies represent the first
description of natural variants in a confirmed HS binding site used
by circulating arboviruses and the first localization of such a site in
the three-dimensional structure of the alphavirus E1/E2 het-
erodimer. In addition, we demonstrate that the variations in the
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FIG 7 Magnified view of the effects of mutations or natural variations in the
EEEV E1/E2 spike complex upon surface charge distribution. In addition to
the WT (A), complete E1/E2 spike complex models were created for the 71-77
mutant (B), each mutant in which an amino acid was individually mutated to
alanine, 71A, 74A, and 77A (C, D, and E, respectively), and the natural variants
71T (F), 71Q (G), and 72K (H), as in Fig. 6B, and the portion of the E1/E2
complex boxed in yellow was magnified approximately 2-fold. Mutant or vari-
ant amino acid substitutions are indicated with magenta letters/numbers, and
bars and WT residues are indicated as in Fig. 6.

binding site alter HS interaction characteristics and virulence in
an animal model of EEEV disease. Specifically, lower neuroviru-
lence and greater IFN-a/3 induction were associated with altered
HS binding compared with WT EEEV, suggesting a possible
mechanism for differing prodromal disease in humans. The se-
quence comparison data suggest that such mutations may be only
rarely seen in NA-EEEV isolates (5 of 61 isolates [4]). While the
possibility remains that these differences in the HS binding do-
main of NA-EEEV reflect in vitro adaptations arising during am-
plification of isolates, we have never observed mutation away from
the HS binding phenotype during routine in vitro passage of al-
phaviruses.

To map the critical residues involved in HS binding by WT
NA-EEEV, we initially mutated each of the three lysines in the
71-77 region individually to alanine and examined infection de-
pendence upon all GAGs and HS specifically (4). The data suggest
that HS is the primary GAG bound by WT EEEV and that the
lysines at 71 and 74 are the critical residues for HS binding and
they display cooperativity. Assuming that HS binding occurs
through direct contacts with 71K and 74K, the positively charged
area surrounding these two residues in the E2 domain A wing
region may comprise the entirety of the HS binding site in WT
NA-EEEV (Figure 7E). However, the participation of adjacent and
possibly distant positively charged or polar residues cannot be
ruled out. The location and structure of this natural binding site
are possibly similar to those of sites acquired through cell culture
adaptation with other alphaviruses that possess positively charged
substitutions near E2 position 70 (9, 26) (Gardner, unpublished
data). However, alphavirus HS binding sites acquired through cell
culture adaptation can also map to the apical surface of E2 domain
B (18, 34).
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The comparison of the WT virus and the 71-77 HS-negative
mutant, which has all three lysines mutated to alanine, demon-
strated that each of the natural variants altered HS interactions in
vitro and aspects of disease in animals. The 71T variant exhibited
essentially HS- and GAG-independent infection of CHO cells, but
the NaCl infection disruption and heparin competition assay sug-
gested an HS-independent ionic component to infectivity. Since it
appears by gel migration that the new carbohydrate addition site is
modified in cells used for virus production, the bulk of the added
moiety may either hinder the HS binding site sterically or alter
conformation regionally to disrupt it and may also possibly par-
ticipate in an ionic interaction with another receptor. The 71Q
variant demonstrated partially HS-dependent infection, an inter-
mediate ionic contribution to infectivity, and similar sensitivity to
all heparinases. This may reflect a reduction in positive charge in
the binding domain and through substitution of a polar residue. It
is possible that 71Q and 71T differ primarily by the presence/
absence of the carbohydrate modification. In contrast, the 72K
virus showed an overall dependence upon HS for infection and
particle infectivity similar to those of the WT, but the characteris-
tics of the interaction with cell surfaces (optimum concentration
for NaCl infection blocking, plaque size, heparinase sensitivity)
suggested either an altered affinity for HS or binding to a different
HS structure. This is not without precedent for viruses, as it has
been proposed that different herpes simplex virus types and indi-
vidual attachment proteins interact with different HS structures
(reviewed in reference 35).

In comparison with the WT, differential interaction of viruses
with HS measured in vitro was apparent for at least one of the
variants in each animal experiment. At lower s.c. doses, the viruses
that bound HS most efficiently (WT and 72K) were less able to
either spread or establish infection in vivo, with 72K essentially
failing to establish infection at the 10-PFU dose. However, when
expressed in the attenuated background of the SA/NA chimeras
and delivered to the brain, these viruses were highly virulent, with
the 72K showing shorter AST than the WT, and confirmed the
positive association of HS binding with neurovirulence and pos-
sibly the particular structure bound or binding affinity. In addi-
tion, the dependence of infection upon HS was correlated with
suppression of IFN-a/f3 secretion into serum, with 71-77 and 71T
inducing the most, WT and 72K inducing the least, and 71Q in-
termediate, although the values for this virus were not statistically
significant from either group.

It is worth noting that a positively charged lysine residue at the
70 position of SINV E2 acquired during cell culture adaptation of
the virus can act with a histidine at E2 55 to alter HS interaction
(and subsequent infection features [1]) and confer adult mouse
neurovirulence to SINV (27, 36). In the heparinase assays, the
SINV with 70K only was highly sensitive to all three heparinases.
However, EEEV viruses whose E2 proteins conferred adult viru-
lence to the NA/SA chimeras (WT, 72K) exhibited differential
heparinase sensitivity. It is tempting to speculate that the NA-
EEEV E2 may already possess a function similar to that provided
by E2 H55 in SINV, although there is no obvious sequence simi-
larity in this region. Further, it is possible that differential hepari-
nase sensitivity is associated in some manner with neurovirulence.

Structural characteristics of the EEEV HS binding site. Re-
cently, a cationic-polar-cationic direct HS interaction (CPC) mo-
tif was identified by comparison of three-dimensional binding site
structures of multiple HS binding proteins (37). The authors sug-
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gested that the polar residues might promote discrimination be-
tween binding of different HS structures, with glutamine pre-
ferred for 2-O-sulfo-a-L-iduronic acid binding and asparagine
preferred for N,06-disulfo-glucosamine binding and the polar
amino acids threonine, serine, and tyrosine contributing to a
lesser extent. Our structural mapping of the position of the 71-77
region and the location of two polar residues between the critical
71K and 74K is consistent with this idea. It is possible that, natu-
rally, the tyrosine at 72 and glutamine residue at position 73 con-
tribute to this motif. This may suggest that the K72 lysine in TX95
increases/alters HS interaction by increasing the positive charge in
the binding site and by removing a polar amino acid. Similarly, the
71Q mutation eliminates a positively charged residue but adds a
polar residue. This is consistent with the fact that each of these
mutations alters sensitivity to Hep I and Hep III in different man-
ners compared with the WT, supporting the idea that the three
different viruses bind different HS structures. We are currently
using computational modeling to fit HS structures into the WT
and natural variant EEEV binding sites to further elucidate the
underpinnings of differential HS binding. It should be noted that
our model does not consider conformational changes that might
occur upon HS interaction and that have been demonstrated dur-
ing initial virus-cell contact (38). These may have functional im-
plications considering the close proximity of the E1 fusion loop
and the proposal that its initial movement may occur prior to low
pH exposure (18).

Role of HS binding in the EEEV natural replication/trans-
mission cycle. While it seems clear that the HS binding is a char-
acteristic of dominant virus genotypes within naturally circulating
NA-EEEV populations, the role of this phenotype is not obvious.
Our data (this study and those in references 4 and 20) suggest that
HS binding, along with the inability of NA-EEEV to initiate trans-
lation in myeloid cells, greatly suppresses the innate immune re-
sponse of infected vertebrates, providing an understandable selec-
tive advantage. This phenotype concomitantly increases brain
replication and neurovirulence. However, HS binding also sup-
presses the rate of virus dissemination and the duration and mag-
nitude of viremia (4, 9, 39). Intuitively, suppression of the innate
immune response and viremia should have opposing impacts
upon viral fitness in vertebrates and transmission between verte-
brates and mosquito vectors.

As described above, the 72K virus initiates infection of mice
from the natural route more poorly than the WT, which is also less
likely to initiate a systemic infection than intermediately binding
(71Q) or non-HS-binding (71-77, 71T) viruses. Historically, the
strict ornithophilic feeding characteristics of the principal enzo-
otic EEEV vector, Culiseta melanura, have been suggested to ac-
count for the limited instances of human infection (e.g., see refer-
ences 40 and 41). However, the virus has increasingly been found
in human-feeding species, such as Aedes albopictus (3) and Coquil-
lettidia perturbans (2, 42), yet the human case rate remains low.
We propose that efficient HS binding may also contribute to this
phenotype. It is, perhaps, fortunate that the extreme neuroviru-
lence of EEEV may be linked to a phenotype that may also limit its
spread to and within mammalian hosts. Additional human sero-
surveys in states such as Massachusetts, where human-feeding
mosquitoes are infected (42), may shed light on this issue.

Finally, the mouse model used in the current studies is a mam-
malian disease model, which is unlikely to provide the complete
ensemble of selection pressures present during cycling of EEEV
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between mosquito vectors and avian reservoirs. Experiments
modeling the entirety of the natural avian-mosquito-mammal
transmission process of EEEV to determine the point(s) at which
HS binding confers a replicative advantage and how these natural
variants may influence this phenomenon are in progress.
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