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Semliki Forest virus (SFV) is an enveloped alphavirus that infects cells via a membrane fusion reaction
triggered by acidic pH in the endocytic pathway. Fusion is mediated by the spike protein E1 subunit, an integral
membrane protein that contains the viral fusion peptide and forms a stable homotrimer during fusion. We have
characterized four monoclonal antibodies (MAbs) specific for the acid conformation of E1. These MAbs did not
inhibit fusion, suggesting that they bind to an E1 region different from the fusion peptide. Competition analyses
demonstrated that all four MAbs bound to spatially related sites on acid-treated virions or isolated spike
proteins. To map the binding site, we selected for virus mutants resistant to one of the MAbs, Ela-1. One virus
isolate, SFV 4-2, showed reduced binding of three acid-specific MAbs including Ela-1, while its binding of one
acid-specific MAb as well as non-acid-specific MAbs to E1 and E2 was unchanged. The SFV 4-2 mutant was
fully infectious, formed the E1 homotrimer, and had the wild-type pH dependence of infection. Sequence
analysis demonstrated that the relevant mutation in SFV 4-2 was a change of E1 glycine 157 to arginine
(G157R). Decreased binding of MAb Ela-1 was observed under a wide range of assay conditions, strongly
suggesting that the E1 G157R mutation directly affects the MAb binding site. These data thus localize an E1
region that is normally hidden in the neutral pH structure and becomes exposed as part of the reorganization
of the spike protein to its fusion-active conformation.

All enveloped animal viruses use membrane fusion to cross
the barrier of the host cell membrane and deliver the virus
genome into the cytoplasm. This critical membrane fusion re-
action is mediated by the virus spike protein, which undergoes
structural rearrangements that convert the protein into a fu-
sion-active form. The general scheme of the structural rear-
rangements, although differing mechanistically for different
groups of viruses, appears to involve the release of a hydro-
phobic fusion peptide from a previously hidden or inactive
position within the spike protein and its insertion into the
target membrane to trigger fusion. A key question is the mech-
anism of protein refolding from a fusion-inactive form to the
fusion-active form that carries out fusion peptide insertion.
Molecular understanding of this refolding reaction may lead to
the development of novel strategies to block virus fusion and
infection. For a group of diverse viruses exemplified by influ-
enza virus, the fusogenic spike protein conformational change
involves the formation of an extended a-helical coiled-coil
domain that appears to be a key feature of the fusion mecha-
nism (17, 36).

The alphavirus Semliki Forest virus (SFV) is a small, highly
organized enveloped RNA virus whose fusion activity has been
extensively studied (20, 21, 40). The SFV fusion reaction is
triggered by low pH (<pH 6.2) during the endocytic uptake of
the virus by cells. Fusion and infection are blocked by weak
bases such as NH,CI or specific inhibitors such as bafilomycin,
which act to raise the pH within endocytic vesicles (14, 20). The
SFV spike promoter is composed of the E1 and E2 transmem-
brane subunits, each ~50 kDa and associated as a noncovalent
heterodimer, and the E3 subunit, a peripheral polypeptide of
~10 kDa. Each virus particle contains 240 copies of this spike
promoter organized as 80 trimeric spikes, [E1-E2-E3];. Fusion
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is mediated by the spike E1 subunit, which binds to target
membranes and contains a highly conserved hydrophobic do-
main from amino acids 79 to 97 that is believed to be the fusion
peptide (12, 20, 24, 26).

Studies of the SFV spike protein during fusion indicate that
upon exposure to mildly acidic pH, the E1-E2 dimer dissoci-
ates. E1 then undergoes conformational changes that result in
the exposure of previously masked epitopes for monoclonal
antibody (MADb) binding and the formation of a highly stable,
trypsin-resistant E1 homotrimer (20, 24). These E1 conforma-
tional changes occur with kinetics slightly faster than those of
fusion (3, 19) and are enhanced by the presence of target
membranes containing cholesterol and sphingolipid, two lipid
components that are specifically required for SFV fusion (20,
21, 26, 49). E1 then associates with the target membrane by
insertion of the fusion peptide, and membrane fusion is trig-
gered.

Central questions in understanding SFV fusion include the
mechanism of formation of the critical E1 homotrimer and the
identities of the regions of the E1 protein that are involved in
its fusogenic refolding. Structural predictions suggest that, un-
like spike proteins of the influenza virus class, SFV E1 does not
refold into an extended a-helical coiled coil during fusion (26).
Thus, the formation of the fusion-active E1 trimer may repre-
sent a novel refolding mechanism. One tool in identifying re-
gions of viral spike proteins that become exposed during fusion
has been to localize the binding sites for MADbs that are specific
for the fusion-active conformation of the spike (48). The fu-
sion-active, low-pH-treated form of SFV El1 is specifically rec-
ognized by four MADs that inefficiently recognize the pH 7
form of E1 (23, 45). Three of these MAbs were isolated and
characterized by our laboratory (23) and are termed Ela-1,
Ela-2, and Ela-3. The fourth MAD, anti-E1”, was originally
isolated by Boere et al. (1) and further characterized by Wahl-
berg and coworkers (3, 44, 45). Extensive evidence indicates
that exposure of the epitopes recognized by these acid-specific
MADs is relevant to the fusion activity of SFV. First, the
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epitopes are exposed with the same pH and temperature de-
pendence as are required for virus fusion (3, 19, 23). Detailed
kinetic studies demonstrate that epitope exposure occurs
slightly faster than fusion (3, 19). This is in contrast to other
SFV MAbs that detect spike epitopes exposed after the fusion
reaction is completed (19). SFV fusion is remarkably depen-
dent on cholesterol and sphingolipid as well as low pH, and the
conformational changes detected by the antibodies are strik-
ingly dependent on both lipids when either the virus (4, 6) or
the spike ectodomain (26) is assayed. The epitopes become
exposed during the endocytic entry of the virus into the cell
and, like fusion, epitope exposure is blocked by agents such as
NH,CI or monensin that interfere with endosome acidification
(23, 28, 32, 38, 45). Several virus E2 mutants that shift the pH
dependence of virus fusion by shifting the pH dependence of
E1-E2 dimer dissociation also shift the pH dependence of
epitope exposure (13, 33). A number of biochemical experi-
ments demonstrate that the epitopes are not simply exposed as
part of a general “loosening” of the tightly packed virus struc-
ture at low pH, since detergent solubilization, for example, did
not make the epitopes accessible (23). Lastly, the same pool of
E1 protein reacts with the antibodies, binds specifically to
cholesterol- and sphingolipid-containing target liposomes, and
forms the homotrimeric structure believed to be critical for the
fusion reaction (26). Thus, the kinetics and properties of
epitope exposure argue for the relevance of these conforma-
tional changes to fusion.

We set out to determine the functional effects of E1 binding
by these four MAbs, to characterize the similarities and differ-
ences in their binding site(s), and in particular to localize the
epitope(s) with which they interact. Our studies showed that
the presence of the MADs did not affect fusion and that all four
MADs bound to a spatially related site(s) on E1. The region of
the spike protein recognized by three of the MAbs appears
distinct from the fusion peptide and from the epitope recog-
nized by anti-E1”. Our results thus indicate a region of El
other than the virus fusion peptide that becomes exposed dur-
ing the SFV fusion reaction at acidic pH.

MATERIALS AND METHODS

Viruses and antibodies. The wild-type (wt) virus used in these studies was a
well-characterized plaque-purified stock virus (13, 42), and the SFV fus-1 mutant
was previously isolated and characterized as a pH shift fusion mutant (13, 25). All
virus stocks were prepared by propagation in BHK cells at low multiplicity in
minimal essential medium plus 0.2% bovine serum albumin (BSA) and 10 mM
HEPES (pH 7.4) and stored at —70°C (25). [**S]methionine-[**S]cysteine-la-
beled virus was prepared in BHK cells, purified by banding on a discontinuous
sucrose gradient (25), and stored at —70°C in ~45% (wt/wt) sucrose in TN buffer
(50 mM Tris [pH 7.4], 100 mM NaCl). Unlabeled virus was prepared in BHK
cells, purified on tartrate gradients, and stored at —70°C in TN buffer (25).

The E1 acid conformation-specific MAbs Ela-1, Ela-2, and Ela-3 and the
non-acid-specific E1 and E2 MAbs E1-1 and E2-1 were previously isolated and
characterized in our laboratory (23), and were prepared in large quantities for
biotinylation and other experiments by growth in a CELLMAX (Gibco BRL,
Gaithersburg, Md.) in the Einstein Hybridoma facility. MAb anti-E1” was ob-
tained as a concentrated ascites preparation from Harm Snippe and has been
previously characterized for its reactivity to the low-pH conformation of E1 (26,
45). Biotin conjugation was performed with sulfo-NHS-biotin (Pierce, Rockford,
1IL).

Functional effects of antibodies on virus fusion. Liposome binding studies
measured the cofloatation of radiolabeled SFV with liposomes on sucrose gra-
dients as previously described (24), with pH treatment performed in the presence
of the indicated concentrations of antibodies. Virus-liposome fusion was assayed
by monitoring the decrease in the eximer peak of pyrene-labeled SFV upon
fusion with unlabeled liposomes prepared by extrusion (7, 24). Pyrene-labeled wt
SFV was prepared by propagation in one roller bottle of BHK cells in which the
phospholipids were prelabeled by growth in the presence of 10 wg of pyrene
(Molecular Probes, Eugene, Oreg.) per ml (3, 44). Labeled virus was purified by
banding on a discontinuous sucrose gradient (25). Fusion assays were performed
with pyrene-labeled virus at concentrations of 0.6 wM virus lipid, liposomes at
concentrations of 200 wM lipid, and the indicated concentrations of antibodies;
HNE buffer (5 mM HEPES [pH 7.0], 150 mM NaCl, 0.1 mM EDTA) was used
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at 37°C in a stirred cuvette with a Perkin-Elmer LS5 fluorometer (3, 44). Fusion
was triggered by the addition of a pretitrated volume of 0.3 M morpholinoeth-
anesulfonic acid (MES) (pH 4.8), to give a final pH of 5.5.

Fusion of virus with the plasma membrane of BHK cells was assayed essen-
tially as previously described (42, 45). In brief, virus was bound on ice to BHK
cells grown on 12-mm coverslips, and the coverslips were then inverted over a
75-pl drop of medium (RPMI without bicarbonate plus 0.2% BSA and 30 mM
sodium succinate [pH 5.5]) containing the indicated antibody on a square of
Parafilm and incubated at the indicated temperature for the indicated time (1 to
5 min). The coverslips were flooded with medium to neutralize and reinverted,
and the cells were incubated overnight at 28°C in minimal essential medium
containing 0.2% BSA and 10 mM HEPES (pH 7.4), plus 20 mM NH,CI to
prevent secondary infection. Infected cells were quantitated by immunofluores-
cence with a polyclonal antibody to the SFV spike protein (42).

Selection of antibody binding mutants. The overall strategy was to pH treat
the virus to expose the binding site for MAb Ela-1, remove MAb-reactive virus
by immunoprecipitation, and repeat for multiple selections. This strategy is
similar to that successfully used to isolate a Sindbis virus MAb-resistant mutant
(30). A 150-pl volume of wt virus stock containing ~10° PFU was adjusted to a
final pH of ~5.5 by dilution with an equal volume of buffer containing 50 mM
succinate (pH 5.0) and 100 mM NaCl, incubated for 5 min on ice, and neutral-
ized by the addition of a precalibrated volume of 0.5 N NaOH. This mild pH
treatment did not reduce virus infectivity (3) and induced full reactivity with
MADb Ela-1 as tested by enzyme-linked immunosorbent assay (ELISA) of whole
virus (data not shown). The virus was then incubated overnight on ice with 3 pg
of biotin-conjugated MAb Ela-1. Antibody-virus complexes were removed by
gentle rotation for 1 h at 4°C with 100 pl of streptavidin-conjugated magnetic
particles (PerSeptive Diagnostics, Inc., Cambridge, Mass.), and bound virus and
particles were precipitated with a magnet-containing test tube rack (Dynal, Inc.,
Lake Success, N.Y.). The specific selection gave a ~10-fold reduction in viral
titer, and no reduction resulted when an unrelated biotin-conjugated MAb was
substituted. Virus remaining in the supernatant was expanded by growth on four
independent plates of BHK cells at a multiplicity of ~1 PFU/cell for 6 to 7 h. The
selection of these individual stocks was repeated for a total of nine cycles each,
a point at which further selection gave little reduction in the titer of the virus
stocks. The selected stocks were plaqued under agarose, and isolated plaques
were picked and expanded by growth on BHK cells in 24-well trays until the cells
displayed cytopathic effects. Virus isolates were treated at low pH with succinate
buffer as above, and screened by the ELISA described below for reactivity with
MADs E2-1 and Ela-1. Isolates showing strong reactivity with the E2 MADb,
indicating a high titer of virus, and reduced activity with the selecting MAb were
expanded and further tested as described below. Other selections based on
neutralization with acid conformation-specific MAb, second antibody, and com-
plement or based on epitope exposure by heat treatment did not produce suffi-
cient specific selection pressure and were not further pursued (data not shown).

ELISA analysis. Antibody competition experiments with intact virus were
performed by coating ELISA wells with 1 pg of MAb E2-1 per ml; this MAb was
previously shown to bind to intact virus after either acidic or neutral pH treat-
ment (23). The plates were blocked with 1% BSA, purified acidic- or neutral-
pH-treated virus was added at a protein concentration of 3 wg/ml, and the
mixture incubated overnight at 4°C. The tethered virus was then reacted for 1 to
2 h at 37°C with 60 to 100 ng of biotin-conjugated MAb Ela-1 or anti-E1” per ml,
concentrations that were shown to be in the linear range of the assay, in the
presence of the indicated concentrations of unlabeled competing MAb. The
plate was developed by incubation with saturating concentrations of streptavidin-
alkaline phosphatase (Fisher Scientific, Pittsburgh, Pa.) for 1.5 h at 37°C fol-
lowed by substrate incubation. Antibody competition experiments with purified
detergent-solubilized spike proteins were performed by directly coating ELISA
wells with 0.5 pg of spike proteins per ml for 1 to 2 h at 37°C, blocking with BSA,
and then incubating with biotin-MAb and competitors as above. Spike proteins
were purified by Triton X-114 phase separation (2) of gradient-banded wt and
mutant viruses.

To screen for mutants with reduced binding of MAb Ela-1, virus stocks were
treated at pH 5.5 for 3 min at 37°C with succinate buffer as above, neutralized,
and adjusted to 0.5% Triton X-100 to disrupt the virus. Samples were incubated
overnight at 4°C in ELISA wells that had been precoated with 1 pg of either
MAb E2-1 or MAb Ela-1 per ml. Bound spike proteins were detected with a
rabbit antibody to the spike protein followed by goat anti-rabbit immunoglobulin
G conjugated with alkaline phosphatase (Sigma, St. Louis, Mo.). This assay could
reliably detect pH-dependent epitope exposure in virus stocks with titers as low
as 2 X 107 PFU/ml.

Virus sequence analysis. RNA was prepared from virus grown at low multi-
plicity in one 75-cm? flask of BHK cells (13). The sequence of the RNA encoding
the structural proteins was determined by reverse-transcription (RT)-PCR am-
plification with Pfu polymerase (Stratagene, La Jolla, Calif.) and automated
sequencing in the Einstein DNA sequencing facility, all as previously described
(13, 42). Both strands of the cDNA were sequenced, and sequence changes were
confirmed by analysis of an independent RT-PCR product. The sequence of our
laboratory wt virus, the parent virus used for mutant selection, was found to
contain a lysine (AAA) at position 85 of the capsid protein. This capsid residue
is asparagine (AAC) in the wt infectious clone and published wt virus sequence

(11).



VoL. 73, 1999 EPITOPE OF THE SEMLIKI FOREST VIRUS FUSION PROTEIN 10031
TABLE 1. Effect of acid conformation-specific MAbs on SFV-cell fusion
No. (%) of virus-infected cells? after treatment with:

Expt

pH7 No Ab Ela-1 Ela-2 Ela-3 E1” E1” (500 pg/ml) E1” (900 wg/ml) E2-1 Un® Pre Poly’
1 0 229(100) 183 (80) 180 (79) 196 (86)
1I 0 213 (100) 175 (82) 224 (105) 202 (95)
I 230 (100) 256 (111) 253 (110) 229 (100)
Iv¢e 0 209 (100) 208 (100) 1 (0.5)

“ SFV was bound to BHK cells on ice, and fusion triggered by warming the cells to pH 5.5 for 1 min at 37°C. The pH treatment was performed in the presence of
the indicated MAbs at 300 wg/ml unless otherwise noted. Infected cells resulting from virus fusion were quantitated by immunofluorescence. Values represent the
average number of infected cells on duplicate coverslips, and the numbers in parentheses represent the percentage of control fusion in the absence of antibody.

> MAD to an unrelated antigen.
¢ Preimmune rabbit serum.
@ Polyclonal rabbit spike antibody.

¢ Virus was preincubated for 2 h at room temperature and overnight at 4°C in the presence of 50 pg of antibody per ml as indicated. Fusion was then assayed in the

continued presence of antibody.

Assays of the mutant phenotype. The NH,Cl sensitivity of wt and mutant virus
infection was assayed as previously described by infecting BHK cells in 24-well
trays for 90 min with virus at a multiplicity of ~1 PFU/cell in the presence of the
indicated concentrations of NH,Cl and quantitating virus-specific RNA synthesis
by labeling with [*H]uridine for 3.5 h (13). Low-pH-dependent conformational
changes in the virus spike proteins were assayed by treating [**S]methionine-
[33S]cysteine-labeled virus at the indicated pH for 10 min at 37°C in the presence
of 1 mM liposomes prepared by extrusion as indicated. Formation of the E1
homotrimer in these samples was investigated by incubating samples in sodium
dodecyl sulfate (SDS) gel sample buffer for 3 min at 30°C and analyzing them by
SDS-PAGE (24, 45). E1 conversion to trypsin resistance was assayed by digestion
of samples for 10 min at 37°C with 200 pg of tolysulfonyl phenylalanyl chlorom-
ethyl ketone (TPCK)-trypsin per ml in 1% Triton X-100 in phosphate-buffered
saline (PBS) containing calcium and magnesium (24, 35), and the presence of
acid conformation-specific epitopes was determined by immunoprecipitation
with the indicated MAbs (23) followed by SDS-PAGE analysis. The pH depen-
dence of E1-E2 dimer dissociation was assayed by coimmunoprecipitation (8,
43). Fluorograms of SDS-gels were quantitated by PhosphorImager analysis
(ImageQuant version 1.2; Molecular Dynamics, Inc., Sunnyvale, Calif.).

RESULTS

Functional effects of acid-specific MAbs on virus fusion. We
wished to compare the functional properties of our three acid
conformation-specific MAbs with those of MAD anti-E1”. Pre-
vious studies suggested that the presence of anti-E1” inhibited
low-pH-induced fusion of SFV with cell plasma membranes
(45) or liposomes (44) and low-pH-induced virus-liposome at-
tachment (44). If the acid conformation-specific MADbs inhibit
virus-cell fusion, this could be the basis of a selection for
MAb-resistant virus mutants. To test for inhibition of SFV-
plasma membrane fusion, virus was bound to BHK cells on ice
and treated for 1 min at pH 5.5 to induce fusion, and the
infected cells resulting from virus fusion were quantitated by
immunofluorescence with a polyclonal antibody to the virus
spike protein. Under these conditions, no virus infected the
cells during a 1-min treatment at pH 7 and between 209 and
256 cells were infected by virus at pH 5.5 (Table 1). When the
pH treatment was performed in the presence of either MADb
anti-E1” or E2-1, a nonneutralizing MAb to the E2 subunit,
little inhibition resulted from the presence of either MAb at
~300 pg/ml (Table 1, experiment I), from MAb anti-E1” at
higher concentrations (500 or 900 wg/ml) (experiment II), or
from MADb anti-E1” when the conformational changes and
fusion were slowed by incubation at either 20 or 4°C (data not
shown). The previous results reported inhibition of virus-cell
membrane fusion by anti-E1” at concentrations ranging from a
1:10 dilution of ascities fluid to 350 pg of MAb/ml (45). Our
acid-specific MAbs Ela-1, Ela-2, and Ela-3 also had no effect
on virus-cell fusion (experiment III). In contrast, a polyclonal
rabbit antibody to the SFV spike specifically inhibited virus-cell
fusion when used under conditions previously shown to neu-

tralize virus infectivity (23) (experiment IV). Thus, the lack of
inhibition by the acid conformation-specific MAbs is not due to
an inherent inability to detect inhibition in this assay. Control
ELISA experiments also demonstrated that all four acid-spe-
cific MADbs were fully active in spike protein binding even when
maintained at pH 5.5 (data not shown) and thus were capable
of binding the virus under low-pH conditions.

We examined the ability of the antibodies to inhibit low-pH-
induced virus attachment to liposomes, a step that precedes
fusion (Fig. 1A). After treatment at pH 5.5, about 75% of the
added virus radioactivity cofloated with liposomes, compared
with ~8% after treatment at pH 7.0 (lanes 1 and 2). Inclusion
of any of the acid conformation-specific E1 MAbs reduced the
level of binding to about 45% (lanes 5 to 8). However, similar
inhibition resulted with a MAb to the E2 subunit, E2-1 (lane
9). The rabbit polyclonal anti-spike antibody reduced binding
to ~24% of the added virus radioactivity (lane 3). Little inhi-
bition resulted from inclusion of an unrelated MAb or rabbit
antibody (lanes 4 and 10). Thus, moderate inhibition of radio-
labeled virus binding to liposomes occurred with either the
acid conformation-specific E1 MAbs or a MAb to E2, while
these MAbs did not appreciably affect productive virus-cell
fusion. We therefore tested the effects of these MAbs by using
a sensitive assay for SFV fusion with liposomes.

We used a recently described fluorescence method based on
biosynthetic labeling of virus with pyrene fatty acid (3, 44).
Fusion of pyrene-labeled virus with unlabeled liposomes re-
sults in a reduction in the pyrene eximer peak, which can be
monitored in a spectrofluorometer in real time (Fig. 1B). In
the absence of MAbs, approximately 62% of the input virus
fused at pH 5.5 (lane 2) and ~2% fused at pH 7.0 (lane 1).
Previous studies reported an SFV liposome fusion level of
~50% at pH 5.5, which was reduced to ~20% when 7 to 15 g
of anti-E1” per ml was included in the reaction mixture (44). In
contrast, we found no significant inhibition of virus-liposome
fusion by MAb anti-E1”, Ela-1, or E2-1 at 50 pg/ml (lanes 5 to
7). Treatment with the neutralizing rabbit anti-spike antibody
at this concentration reduced fusion to 18% (lane 3), while
preimmune rabbit serum was without effect (lane 4).

Taken together, the data indicate that none of the acid
conformation-specific MAbs to E1, including anti-E1”, caused
significant inhibition of virus fusion with cells or liposomes.
Some inhibition of radiolabeled virus-liposome attachment re-
sulted, but it occurred with a MADb to the E2 subunit as well as
with the acid-specific E1 MAbs. It is not clear why our results
differ from those of previous studies that reported inhibition,
but it is possible that addition of solutions of MAbs caused
changes in the buffering capacity of the fusion reactions, re-
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FIG. 1. Functional effects of MAbs on SFV membrane attachment and fu-
sion. (A) Virus-liposome attachment. [>*SJmethionine-[>>S]cysteine-labeled wt
SFV was mixed with liposomes and the indicated antibodies at final concentra-
tions of 1.2 mM lipid and 50 pg of antibody per ml. The samples were preequili-
brated for 3 to 5 min at 37°C, adjusted to pH 5.5 for 10 min at 37°C unless
otherwise indicated, and then returned to neutral pH. Virus association with
liposomes was quantitated by flotation on sucrose gradients (see Materials and
Methods). Data shown are the average of two experiments. (B) Virus-membrane
fusion. Pyrene-labeled wt SFV (0.6 wM) was mixed with unlabeled liposomes
(200 uM) in the presence of 50 pg of the indicated antibodies per ml, preequili-
brated for 3 to 5 min at 37°C, and adjusted to pH 5.5, and the final extent of
fusion was measured after ~30 s at 37°C by quantitating the decrease in the
pyrene eximer peak by spectrofluorometry (see Materials and Methods). Treat-
ment with the rabbit preimmune and anti-spike antibodies was performed by
overnight incubation at 4°C followed by incubation as above. Data shown are the
average of two or three experiments.

sulting in decreased fusion, a phenomenon that we observed
with pH treatments close to the fusion threshold (data not
shown). We adjusted all antibody stock solutions to the same
protein and buffer concentrations to control for these effects.
As reviewed in the discussion below, data from a variety of
virus systems has shown that MAbs can detect relevant con-
formational changes during virus membrane fusion without
directly inhibiting fusion.

Competition analysis of MAb binding to virus and spike
proteins. To use the acid conformation-specific MADs as a tool
to localize the conformational changes in E1, it is important to
know if the MADs recognize the same site on the SFV E1
polypeptide or identify several independent E1 sites that be-
come accessible as part of overall refolding during fusion. All
four MAbs are clearly independent (23), even in one case
having been isolated by a different laboratory (1). However,
the properties of the epitope(s) recognized by these four MAbs
are indistinguishable in all of the assays that have been per-
formed to date. Exposure of the epitope(s) has similar pH
dependence (23), comparable kinetics in in vitro assays (3, 19)
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and in vivo during endocytic uptake of virus by cells (23, 32,
45), and a comparable cholesterol requirement (23, 26). All
four MAbs are also nonneutralizing and do not recognize
SDS-denatured E1 (1, 23). We therefore used competition
analysis to characterize the locations of the MAb binding sites
on E1. We first established two types of assay systems. One
assay tested the recognition of whole virus particles by the
MADs. Purified virus was pretreated at acidic or neutral pH,
returned to neutral pH, and tethered to ELISA plates with
E2-1, a MAb to the E2 spike subunit. Tethered virus was
reacted with biotin-conjugated MAb, and MAD binding was
detected with streptavidin-alkaline phosphatase. Results for
MAb Ela-1 are shown in Fig. 2A. The whole virus ELISA
faithfully reproduced the increased MAD binding observed in
previous assays of the acid-treated virus (23), with binding at
nonsaturating MAb concentrations being five- to sixfold higher
in the acid-treated samples. A second assay tested the reactiv-
ity of purified, detergent-solubilized spike proteins that were
adsorbed directly to the ELISA plate. Similar to results from
other low pH-dependent virus systems (47), direct adsorption
of the spike protein caused sufficient protein unfolding to ex-
pose the Ela-1 epitope (Fig. 2B), and no further increase in
MAD binding was observed when the spikes were pretreated at
acidic pH (data not shown). Binding to isolated spike proteins
was somewhat more efficient than binding to intact virus par-
ticles, since a comparable MADb concentration gave similar
binding levels with about a sixfold-lower level of spike proteins
in the isolated preparations. This probably represents steric
hindrance in the intact virus, in keeping with the tight packing
of the spike proteins. Similar results for both types of assays
were obtained with MAb anti-E1” (data not shown).

Having established assays for the binding of MAbs to acid-
treated virus and isolated spike proteins, we used these assays
to determine if various unlabeled MAbs could compete for the
binding of biotin-labeled Ela-1 or anti-E1” (Fig. 3). The spike
protein assay showed that all four acid conformation-specific
MAbs competed for the binding of either MAb Ela-1 (Fig. 3C)
or anti-E1” (Fig. 3D). In both cases, MAb Ela-3 showed the
strongest competition. Negligible competition was observed
with non-acid-specific MADbs against E1 or E2 (E1-1 and E2-1)
or with an unrelated MAb. Competition analysis with acid-
treated whole virus as the antigen likewise showed that all four
acid-specific MAbs competed for the binding of either MAb
Ela-1 (Fig. 3A) or MADb anti-E1” (Fig. 3B). When higher MAb
concentrations were assayed in the whole-virus system, com-
petition was also observed when non-acid-specific MADbs
against E1 or E2 were used (Fig. 3A and B). This is in agree-
ment with results from others indicating that assembly of the
virus particle brings epitopes on E1 and E2 into close proximity
(39). Taken together, results with the spike protein and whole-
virus ELISAs demonstrate that all four acid conformation-
specific MAbs bind to a spatially related site(s) on the SFV E1
subunit.

Selection and screening for MAb-resistant SFV mutants. To
specifically localize the binding site(s) for the acid conforma-
tion-specific MADbs, we wished to select for MAb-resistant virus
mutants. The four acid conformation-specific MAbs are non-
neutralizing (1, 23), do not inhibit virus-cell fusion (Table 1),
and do not recognize linear sequences, precluding the use of
synthetic peptides for mapping studies (1, 23). We therefore
used an immunodepletion method to enrich for nonreactive
viruses. A nonmutagenized virus stock was treated briefly at
pH 5.5 on ice. The virus was then incubated with excess biotin-
conjugated MAb Ela-1, antibody-reactive viruses were re-
moved with streptavidin-conjugated magnetic particles, and
the remaining virus was propagated on independent plates of
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FIG. 2. MAb Ela-1 binding to whole virus and isolated spike proteins. (A)
Binding to whole virus. Gradient-purified wt SFV was pretreated at pH 5.5 or 7.0
for 5 min at 37°C as indicated, returned to neutral pH, and adjusted to 3 pg/ml.
Virus was tethered to ELISA plates that were precoated with a MADb to the E2
spike subunit (E2-1). Biotin-conjugated MAb Ela-1 was added at the indicated
concentrations and allowed to react with the virus for 1 h at 37°C. Biotinylated
MAD binding was detected by incubation with streptavidin conjugated to alkaline
phosphatase followed by incubation with substrate, each for 1 h at 37°C. Data
shown are a representative example of four experiments. (B) Binding to ad-
sorbed spike proteins. Using gradient-purified wt SFV, spike proteins were
prepared by Triton X-114 phase separation and adsorbed directly to ELISA
plates at 0.5 pg/ml. Biotin-conjugated MAb Ela-1 was added at the indicated
concentrations and allowed to react with immobilized spike proteins for 1 h at
37°C. MAD binding was detected by incubation with streptavidan conjugated to
alkaline phosphatase followed by incubation with substrate, each for 1 h at 37°C.
The control consists of biotin-conjugated MAb Ela-1 binding in the absence of
adsorbed spike proteins. Similar low absorbance was observed for binding of an
unrelated MAD to wells containing spike protein. Data shown are a representa-
tive example of two experiments.

BHK cells. The conditions of pH treatment were selected to
obtain binding to the MAb (which according to all the pub-
lished data represents an irreversible conformational change)
without inactivating infectivity. Under these conditions, only a
10-fold decrease in virus titer resulted from the MAb treat-
ment. The selection was therefore repeated for a total of nine
cycles to increase the chances of significantly enriching for
MAD-resistant mutants. Isolated plaques were then picked
from the selected virus stocks, and the virus was expanded,
treated at low pH, and screened by an ELISA for reactivity
with both an E2 MAb and the selecting MAb. Two indepen-
dent isolates, SFV 1-8 and SFV 4-2, were chosen for further
study on the basis of their strong reactivity with MAb E2-1 and
reduced (SFV 1-8) or negligible (SFV 4-2) reactivity with MAb
Ela-1 after acid treatment.

The SFV 1-8 and SFV 4-2 isolates were propagated on BHK
cells at low multiplicity and yielded titers comparable to those
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of wt virus. These stocks were then diluted, treated for 5 min
at 37°C at pH values ranging from 4.0 to 7.0, and tested in a
sensitive sandwich ELISA for binding to MAb Ela-1 (Fig. 4).
wt SFV showed strong binding following treatment at pH 6.0 to
4.0, with an increase of ~13-fold in binding of pH 5.0-treated
virus compared to pH 7.0-treated virus. The reduced binding
observed in the pH 4.0-treated sample is probably due to acid
inactivation (3). The SFV 1-8 isolate showed decreased but
significant binding following treatment at pH 5.5 to 4.0, while
binding by the SFV 4-2 isolate was not above background even
after treatment at very low pH. Similar decreases in SFV 1-8
and SFV 4-2 binding to MADb Ela-1 were observed following
pH treatment at 20°C (data not shown), conditions that favor
efficient epitope exposure and decrease acid inactivation (3).
Irrespective of pH treatment, both SFV 1-8 and SFV 4-2
showed high levels of binding to the anti-E2 MAb E2-1, com-
parable to those of wt virus (data not shown).

The decreased MAb Ela-1 binding observed with SFV 1-8
and SFV 4-2 could be a direct consequence of amino acid
changes in the MAD binding site or an indirect effect of a lack
of response of the spike protein to low pH or of interfering
mutations in El1, E2, or capsid protein. Both isolates grew
efficiently to high titers, arguing that they must have functional
spike proteins capable of carrying out virus-membrane fusion
and responding to acidic pH. The spike protein ELISA de-
scribed above (Fig. 2B) was used to test for steric interference
by non-epitope-related sites. Epitope exposure in this assay is
due to direct protein adsorption to the ELISA plate. Unlike
the whole-virus ELISA, no interference with MAb Ela-1 bind-
ing was observed by either E2 or non-acid-specific E1 MAbs
(Fig. 3), suggesting that sites on E1 and E2 are spatially sep-
arated in the adsorbed spike proteins. Purified spike proteins
were prepared from wt virus, SFV 1-8, and SFV 4-2; bound to
ELISA plates at 0.5 pg/ml; and reacted with a series of biotin-
conjugated MAbs against E1 and E2. As shown in Fig. 5, the
SFV 1-8 spike protein was similar to wt in binding MAbs to E2
and E1 and in binding the four acid conformation-specific
MADbs to El, including Ela-1. Thus, the decreased binding of
MAD Ela-1 to SFV 1-8 observed in Fig. 4 is most probably due
to steric interference by amino acid alterations not in the MAb
binding site. Binding to the SFV 4-2 spike protein was unal-
tered for the non-acid-conformation-specific MAbs E1-1 and
E2-1 and for the single-acid-conformation-specific MADb anti-
E1” (Fig. 5). Strikingly, however, binding of SFV 4-2 by the
three acid conformation-specific MAbs Ela-1, Ela-2, and
Ela-3 was significantly impaired, ranging from 16% of the wt
level with Ela-1 to 35% with Ela-3. Competition analysis was
then performed for anti-E1” binding to purified spike proteins
from SFV 1-8 (Fig. 6A) and SFV 4-2 (Fig. 6B). Anti-E1”
binding to SFV 1-8 spike proteins was efficiently and compa-
rably competed by all four acid conformation-specific MAbs,
similar to the wt results previously shown in Fig. 3D. In con-
trast, while anti-E1” bound efficiently to spike proteins from
SFV 4-2, this binding was competed only by anti-E1”, not by
any of the other acid-specific E1 MAbs, even at concentrations
of 10 wg/ml. Taken together, these data suggest that the SFV
1-8 E1 protein has an unaltered MAb Ela-1 binding site while
SFV 4-2 E1 carries an alteration that affects the binding of a
subset of the E1 acid conformation-specific MAbs including
Ela-1.

Biochemical and sequence analysis of SFV mutants. Given
that our selection involved low-pH treatment of the virus,
albeit under noninactivating conditions, we were concerned
that our mutants might be low-pH resistant. To determine if
the spike proteins of both mutants still mediated entry with a
similar pH dependence to that of wt virus, we tested the sen-
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FIG. 3. Antibody competition analysis. The ELISAs in Fig. 2 were used to analyze MAb binding to pH 5.5-treated intact wt virus (A and B) or purified wt spike
proteins adsorbed to ELISA plates (C and D). The binding of biotin-conjugated MAb Ela-1 (A and C) or biotin-conjugated MAD anti-E1” (B and D) was quantitated
at a constant biotin-MAb concentration of 100 ng/ml, in the presence of the indicated concentrations of competing, nonconjugated MAbs. Final binding results (in
duplicate) were expressed as a percentage of the reactivity obtained with biotin-MAD in the absence of any competing MAb.

sitivity of virus infection to inhibition by the weak base NH,Cl
(Fig. 7). Cells were infected with wt, SFV 1-8, SFV 4-2, or the
pH shift SFV mutant fus-/ (13) in the presence of various
concentrations of NH,CL Virus infection was quantitated by
monitoring the incorporation of [*H]uridine into viral RNA
(13). As previously observed (13, 25), both wt and fus-1 infec-
tions were inhibited by NH,Cl and fus-1 was sensitive to lower
NH,CI concentrations than was wt, in keeping with the relative
acid resistance of the fus-1 fusion (pH threshold of ~pH 5.5 for
fus-1 compared to ~pH 6.2 for wt). Both SFV 1-8 and SFV 4-2
showed NH,Cl sensitivities similar to that of wt SFV, indicat-
ing that both viruses had pH-dependent entry mechanisms
with comparable pH requirements as wt SFV.

We examined several of the pH-dependent conformational
changes in the mutant spike proteins. Upon exposure to low
pH, the SFV spike dimer becomes more labile. Unlike wt SFV,
both SFV 1-8 and SFV 4-2 mutants dissociated in nonionic
detergent at pH 8.0 (data not shown), precluding the usual
assays for pH-dependent dissociation of the dimer. Similar
dimer dissociation in nonionic detergent was previously ob-
served for two viruses with mutations in the E1 fusion peptide

(8). The formation of the E1 homotrimer in SFV 1-8 and SFV
4-2 was assayed by using migration on SDS-gels (44) and tryp-
sin resistance (24). The pH threshold for formation of the
homotrimer appeared similar in the wt and the two mutants,
although the efficiency of homotrimerization between pH 6.0
and 5.0 was somewhat lower in both mutants than in wt virus
(data not shown; see Fig. 8 below). Overall, these data indicate
that both mutants were able to infect cells and form the E1
homotrimer in a low-pH-dependent manner. Thus, the alter-
ations in the antigenicity of SFV 1-8 and SFV 4-2 do not
appear to cause functional effects in spike protein fusion ac-
tivity.

To establish the amino acid alteration(s) responsible for the
antigenic changes in SFV 4-2 and SFV 1-8, virus RNA was
isolated and amplified by RT-PCR, and the sequence encoding
the structural proteins was determined for each virus. The
sequence of the SFV 1-8 mutant showed one amino acid
change from that of the wt SFV parent, histidine to arginine at
position 232 of E2 (H232R, CAT—CGT). This region from
the wt virus RNA was sequenced and confirmed the difference
between the wt and SFV 1-8 sequences. No amino acid
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changes occurred in the SFV 1-8 El protein sequence, in 40 |
keeping with the unaltered antigenicity of the isolated spike
protein (Fig. 5 and 6). The sequence of the SFV 4-2 mutant, 20
surprisingly, contained the E2 H232R change. In addition,
SFV 4-2 contained a single amino acid change on the El 0

subunit, glycine 157 to arginine (G157R, GGG—AGG). Thus,
the E1 G157R mutation appeared to be the mutation respon-
sible for the loss of MADb Ela-1 binding in the SFV 4-2 mutant.

Our model for the effect of these sequence changes on the
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FIG. 5. MAD binding to isolated mutant spike proteins. wt virus, SFV 1-8,
and SFV 4-2 were purified by gradient sedimentation, and spike proteins were
isolated by Triton X-114 phase separation. Spike proteins were adsorbed directly
to ELISA plates at 0.5 pg/ml and reacted with 100 ng of the indicated biotin-
conjugated MADs per ml. This concentration was within the linear range of MAb
binding to wt spike proteins (Fig. 2B). MAb binding was detected by reacting
with streptavidin conjugated to alkaline phosphatase, and mutant spike protein
reactivity was expressed as percentage of wt binding. SFV 4-2 binding is shown
as solid bars, and SFV 1-8 binding is shown as hatched bars. Data are a repre-
sentative example of three experiments.
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FIG. 6. Antibody competition analysis of isolated mutant spike proteins.
Purified spike proteins were prepared from SFV 1-8 (A) and SFV 4-2 (B) and
adsorbed to ELISA plates, and the binding of biotin-conjugated MAb anti-E1”
was quantitated in the presence of the indicated concentrations of competing,
nonconjugated MAbs, all as in Fig. 3D. Final binding results (in duplicate) were
expressed as a percentage of the reactivity obtained with biotin-MAb in the
absence of any competing MAb.

antigenicity of E1 was that the E2 H232R mutation in SFV 1-8
affected the MADb Ela-1 binding site through steric interfer-
ence (Fig. 4), which was lost when the spike protein was iso-
lated and partially denatured by direct binding to the ELISA
plate (Fig. 5 and 6). In contrast, although SFV 4-2 contained
the same E2 mutation, the G157R mutation on SFV 4-2 E1
directly prevented MAb Ela-1 binding due to its location in
the MAD binding site. We tested the role of the E1 G157R
mutation by assaying the immunoreactivity of isolated ho-
motrimeric E1. Radiolabeled wt, SFV 1-8, and SFV 4-2 virus
preparations were mixed with liposomes and treated at pH 5.0
to induce the formation of the E1 homotrimer. The virus
mixtures were adjusted to neutral pH, and aliquots were incu-
bated with trypsin in 1% Triton X-100 at 37°C, conditions that
completely digest capsid, E2, and monomeric E1 but preserve
the trypsin-resistant E1 homotrimer (22, 24). The samples
were then analyzed by immunoprecipitation with a rabbit poly-
clonal anti-spike antibody which quantitates the total E1 and
E2 (rab), a MADb against E2 (E2-1), and the acid conformation-
specific MAbs Ela-1 and anti-E1”. When treated at pH 5.0, the
wt El subunit (Fig. 8A) became immunoreactive with MAbs
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FIG. 7. Sensitivity of wt and mutant virus infection to inhibition by NH,CI.
BHK cells in 24-well trays were infected with 1 PFU of wt or mutant SFV per cell
in the presence of the indicated concentration of NH,CI for 90 min. Infection
was then quantitated by determining the incorporation of [*H]uridine into viral
RNA, in the presence of 20 mM NH,CI to prevent secondary infection. Data
shown are a representative example of two experiments.

Ela-1 and anti-E1” (§4 and 69% of the total E1, respectively).
When the low-pH-treated virus was digested with trypsin, the
capsid and E2 subunits were degraded, as confirmed by the
absence of precipitation with MAb E2-1 and loss of capsid
protein (not shown on this gel), while the E1 subunit was
resistant to trypsin (44% of the total E1). Immunoprecipitation
analysis showed that 88 to 100% of the trypsin-resistant wt E1
was recognized by MAbs Ela-1 and anti-E1”, respectively.
Thus, trypsin digestion removed monomeric, non-acid-reactive
El, leaving almost exclusively the homotrimeric, acid-reacted
conformation of E1, which was efficiently precipitated with
both acid conformation-specific MAbs. Similar results were
observed with low-pH-treated E1 from SFV 1-8 (Fig. 8B),
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FIG. 8. MAD reactivity of isolated E1 homotrimers from wt and mutant SFV.
[**S]methionine-[*S]cysteine-labeled wt SFV (A), SFV 1-8 (B), or SFV 4-2 (C)
was mixed with liposomes (final concentration, 0.8 mM), adjusted to the indi-
cated pH for 10 min at 37°C, and returned to neutral pH. One set of samples (pH
5 plus trypsin) was then treated with 200 pg of trypsin per ml in 1% Triton X-100
in PBS for 10 min at 37°C to digest E2, capsid, and any nontrimerized E1, and
the digestion was terminated by the addition of trypsin inhibitor. All other
samples were treated with premixed trypsin and trypsin inhibitor in 1% Triton
X-100 in PBS. Antibody reactivity was analyzed by immunoprecipitation with the
indicated antibodies followed by SDS-PAGE. rab indicates a rabbit polyclonal
antibody against the SFV E1 and E2 subunits.
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which was recognized by MAbs Ela-1 and anti-E1” at 31 and
46% of the total E1, respectively, and became trypsin resistant
(29% of the total E1). Similar to wt E1, the trypsin-resistant E1
from SFV 1-8 was completely precipitated by either MAb
Ela-1 or anti-E1” (116 and 102%, respectively). In contrast,
low-pH-treated E1 from the SFV 4-2 mutant (Fig. 8C) became
trypsin resistant (31% of the total E1) and was recognized by
anti-E1” (29% of the total E1) but was not efficiently precipi-
tated by MAb Ela-1 (1% of the total E1). Even when E2,
capsid, and monomeric E1 were removed by trypsin digestion,
the remaining homotrimeric E1, although recognized by anti-
E1” (59% of the trypsin-resistant E1), was not recognized by
MADb Ela-1 (9% of the trypsin-resistant E1). Thus, in the
absence of the E2 protein, the G157R mutation on SFV 4-2 E1
strongly interfered with the binding of MAb Ela-1 and to a
small extent with that of anti-E1".

Comparison of alphavirus sequences in the E1 G157 region
showed that this is a quite unconserved area of E1 that con-
tains numerous charged amino acids. Position 157 is a glycine
residue in SFV, in the closely related Ross River virus, and in
eastern equine encephalitis virus. In many other alphaviruses,
the E1 157 position contains a charged amino acid, and for
western equine encephalitis virus, like SFV 4-2, this residue is
arginine. Thus, it is reasonable that the introduction into SFV
of the large, basic arginine side chain in place of the glycine
hydrogen would act to disrupt the binding site for three acid
conformation-specific MAbs but not have deleterious effects
on the overall structure and function of El.

DISCUSSION

Functional effects of the acid-specific MAbs. Our studies
showed that the four acid conformation-specific E1 MAbs do
not have strong inhibitory effects on SFV-membrane fusion.
SFV fusion is extremely rapid and is completed within seconds
at 37°C (3). Cryoelectron microscopy studies have shown that
spike protein conformational changes can be detected within
the first 25 ms of low-pH treatment (10). The lack of effect of
the MAbs on fusion thus may be due either to the rapid
completion of fusion prior to recognition by MAb or to non-
inhibitory MAD binding prior to fusion. Our data do not dif-
ferentiate between these two possibilities, but decreasing the
rate of virus fusion with the cell plasma membrane by low pH
incubation at either 20 or 4°C did not increase inhibition by
added MADs (see results above).

Results from several virus systems indicate that MAbs to
spike protein epitopes involved in fusion exhibit a wide variety
of properties in virus infection and fusion assays. For example,
studies with the flavivirus West Nile virus have characterized a
polyclonal antibody that inhibits virus-liposome fusion, al-
though it is not clear if this antibody acts by steric interference,
masking of the hydrophobic virus fusion peptide, or stabilizing
the neutral-pH form of the spike protein (16). Acid conforma-
tion-specific MAbs to the influenza virus hemagglutinin (HA)
have been informative and extensively used reagents to map
regions of HA that become exposed during its fusogenic con-
formational changes (46-48). Some MAbs to HA block virus
fusion within endosomes (18). An antibody to the membrane-
proximal region of HA is nonneutralizing and does not recog-
nize the low-pH conformation of HA. However, this MAb
appears to inhibit both the low-pH-dependent conformational
changes in HA and virus-induced cell-cell fusion (41). In con-
trast, and similar to our results with the SFV MAbs, several
widely used acid conformation-specific MAbs to HA are non-
neutralizing at either acidic or neutral pH and do not inhibit
virus fusion (46).
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It is clear that MADs that recognize low pH-treated SFV
spike proteins also can have a variety of properties (1, 23). The
kinetics, pH dependence, cholesterol and sphingolipid depen-
dence, and extensively characterized in vitro and in vivo prop-
erties of the acid conformation-specific epitope studied here
argue strongly for its relevance to the infectious fusion reaction
of SFV. Thus, the mapping of this epitope provides informa-
tion on a biologically important spike protein conformational
change.

Evidence for mapping of the Ela-1 epitope. Competition
studies on isolated wt spike proteins demonstrated that all four
independent acid conformation-specific MAbs bound to sites
on E1 that were either identical or sufficiently adjacent to
produce binding interference. The SFV 4-2 mutation, E1
G157R, decreased the binding of the acid conformation-spe-
cific MAbs Ela-1, Ela-2, and Ela-3, while the binding of
anti-E1” was essentially unaffected. Thus, while the competi-
tion data suggested close proximity of the anti-E1” binding site
to those of the other acid conformation-specific MAbs, the
SFV 4-2 mutation indicated that these epitopes were never-
theless distinct. It was possible that the SFV 4-2 mutation was
acting indirectly to inhibit MAb binding by inducing a confor-
mational change in a distant E1 epitope (31). We have tested
the reactivity of E1 after triggering epitope exposure by acid
treatment of virus particles and assay of the spike protein
dimer (Fig. 4), by direct adsorption and denaturation of puri-
fied spike proteins on ELISA plates (Fig. 5 and 6), and by acid
treatment of virus followed by isolation of homotrimeric E1
(Fig. 8). The decreased binding to SFV 4-2 E1 under all assay
conditions strongly suggests that the 4-2 mutation acts by di-
rectly affecting the MAD binding site and therefore that the
G157 region of E1 is masked in the neutral-pH structure and
becomes accessible during fusion-permissive conditions.

In addition to the unique E1 G157D mutation, SFV 4-2
shares an additional mutation, E2 H232R, with the SFV 1-8
isolate. Since SFV 4-2 and SFV 1-8 were independently de-
rived, the presence of this mutation in both isolates may sug-
gest that a virus containing the shared mutation was present at
nondetectable levels in the original plaque-purified parental
virus stock. Alternatively, the mutation may have arisen spon-
taneously at a high frequency during selection and been res-
cued by its conferred effects on MAb recognition. The E2
H232R mutation does not have strong effects on the activity or
pH dependence of the mutant fusion proteins (Fig. 7) but does
cause the 1-8 mutant spike protein to be less well recognized by
MAD Ela-1 when it is assayed under conditions that preserve
the spike protein dimer (Fig. 4). In contrast, when assayed by
direct binding to ELISA plates or as an isolated E1 homotri-
mer, the 1-8 mutant showed comparable MAD binding to that
of wt SFV (Fig. 5, 6, and 8). The finding that MAb reactivity is
decreased only when the intact SFV 1-8 spike dimer is assayed
suggests that the E2 H232R mutation directly interferes with
the accessibility of the MAb Ela-1 epitope. Alternatively, the
H232R mutation could be acting indirectly to cause another
site on E2 to mask the E1 epitope.

Comparisons with other alphavirus epitopes. Anti-E1” was
originally designated UMS8.64 and characterized as nonneutral-
izing and nonprotective in mice but active in hemagglutination
inhibition (1). This MAb defined an antigenic determinant
termed El, in competition analysis. Our competition analysis
also places MAbs Ela-1, Ela-2, and Ela-3 in the El, group
with anti-E1”. Thus, to date, all the acid conformation-specific
MAbs against SFV El1 fall into this group, and it is not known
if additional, noncompeting acid-specific antigenic determi-
nants exist. However, although the competition analysis shows
that all four acid conformation-specific MAbs have spatially
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related binding sites, the SFV 4-2 mutant data indicate that
three of the current members of the E1, group bind an epitope
different from that of anti-E1”. The exact recognition site of
anti-E1” has not been defined, except for its spatial relation-
ship to G157 in competition analysis.

It is of interest to compare the G157 epitope to epitopes that
were previously defined in the Sindbis virus E1 protein. Sindbis
virus is another well-characterized member of the alphaviruses
(40) that has been shown to enter cells by a membrane fusion
reaction that is dependent on low pH (14) and cholesterol (27).
Sindbis virus was selected for resistance to a neutralizing MAb
that recognizes an E1 site accessible on the surface of native
virus (34, 37). Interestingly, virus mutants resistant to this MAb
had mutations of E1 glycine 132 to either arginine or glutamic
acid (39). Thus, although this epitope is unrelated to the acid
conformation-specific epitope described here, it provides an-
other example of an E1 G—R mutation that blocks MAb
binding, similar to the G157R mutation of the SFV 4-2 mutant.

Sindbis virus also has interesting E1 and E2 sites termed
transitional epitopes, which are unmasked during virus pene-
tration into the cell (9). Similar to the epitopes we have char-
acterized here in SFV, the Sindbis E1 transitional epitopes are
shielded and nonneutralizing in native Sindbis virus and can be
exposed by treatment of virus particles with low pH, heat, or
reducing agents or by direct adsorption to ELISA plates (29).
However, unlike the acid conformation-specific SFV epitopes
described here (23, 32), the in vivo exposure of the Sindbis
virus transitional epitopes occurs following virus-receptor
binding at the cell surface and is not blocked by agents that
block endosomal acidification (9). Sindbis virus mutants were
isolated based on their resistance to two E1 MAbs recognizing
independent transitional epitopes. The mutations that confer
resistance map to E1 residue 300 for one epitope and to El
residue 361 or 381 for a second epitope (30). Both the loca-
tions and properties of these transitional epitopes thus appear
distinct from the acid conformation-specific epitope mapped
here. It is not known if the Sindbis E1 transitional epitopes
become accessible following detergent solubilization of virus,
which would suggest a possible analogy to several SFV El
MADs that recognize sites which are shielded in the intact virus
particle (23).

Conclusions. The data presented here suggest that a region
of El defined by the G157R mutation becomes exposed or
more accessible during the low-pH-induced fusion of SFV and
can then be recognized by the acid conformation-specific
MADs Ela-1, Ela-2, and Ela-3. The acid-dependent refolding
involving the E1 157 region is part of the overall series of
conformational changes in the SFV spike protein during fu-
sion. Kinetic studies of fusion (3) and results with SFV mutants
with altered E1-E2 dimer dissociation (13, 33) indicate that
acid conformation-specific epitope exposure is blocked until
the E1-E2 dimer dissociates. Results with an SFV fusion pep-
tide mutant indicate that the acid conformation-specific MAbs
recognize a conformational change that can occur in the ab-
sence of El trimerization (24). Taken together, the results to
date suggest a fusion model in which G157 epitope exposure
occurs after E1-E2 dimer dissociation but prior to formation of
the E1 homotrimer and insertion of the SFV fusion peptide
into the target membrane. The kinetics of exposure of the
G157 epitope are strongly enhanced by the presence of cho-
lesterol and sphingolipid-containing liposomes (4, 6, 26), sug-
gesting that E1 interacts in some way with the target mem-
brane already during this relatively early stage of the fusion
reaction. Future studies will address the role of lipid in the
conformational changes that lead to epitope exposure. In ad-
dition, advances in cryoelectron microscopy (5, 10) may make



10038 AHN ET AL.

it possible to localize the G157 region in the virus particle
during exposure to low pH. As our knowledge of the SFV spike
protein structure becomes more detailed, it may be possible to
design virus mutations that could inhibit the rearrangement of
the G157 region (15), thus potentially trapping an intermediate
in virus-membrane fusion and permitting detailed character-
ization of its phenotype.
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