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The E1 envelope protein of the alphavirus Semliki Forest virus (SFV) is a class II fusion protein that
mediates low pH-triggered membrane fusion during virus infection. Like other class I and class II fusion
proteins, during fusion E1 inserts into the target membrane and rearranges to form a trimeric hairpin
structure. The postfusion structures of the alphavirus and flavivirus fusion proteins suggest that the “stem”
region connecting the fusion protein domain III to the transmembrane domain interacts along the trimer core
during the low pH-induced conformational change. However, the location of the E1 stem in the SFV particle
and its rearrangement and functional importance during fusion are not known. We developed site-directed
polyclonal antibodies to the N- or C-terminal regions of the SFV E1 stem and used them to study the stem
during fusion. The E1 stem was hidden on neutral pH virus but became accessible after low pH-triggered
dissociation of the E2/E1 heterodimer. The stem packed onto the trimer core in the postfusion conformation
and became inaccessible to antibody binding. Generation of the E1 homotrimer on fusion-incompetent mem-
branes identified an intermediate conformation in which domain III had folded back but stem packing was
incomplete. Our data suggest that E1 hairpin formation occurs by the sequential packing of domain III and
the stem onto the trimer core and indicate a tight correlation between stem packing and membrane merger.

Enveloped alphaviruses such as Semliki Forest virus (SFV)
have an internal nucleocapsid surrounded by the viral mem-
brane containing the transmembrane (TM) proteins E2 and E1
(reviewed in reference 46). These glycoproteins are found as
heterodimers on the virus surface and form an external layer
arranged with T�4 icosahedral symmetry. In the acidic envi-
ronment of the endosome compartment, E1 is released from
its dimeric interaction with E2, inserts into the target mem-
brane, and forms a stable E1 homotrimer (HT) (reviewed in 22
and 25). This E1 conformational change mediates the fusion of
the viral and endosomal membranes, delivering the positive-
sense RNA genome into the cytosol.

The E1 and E2 proteins can be released from the virus
membrane by proteolytic cleavage, producing soluble ectodo-
mains termed E1* and E2* (23). E1* contains the E1 sequence
up to residue A391 in the N-terminal portion of the “stem,” the
region that connects the ectodomain to the TM anchor (see
Fig. 1A). Viral E1 specifically requires cholesterol in the
target membrane in order to insert into the membrane and
mediate virus-membrane fusion (22). Similarly, when
treated at low pH in the presence of cholesterol-containing
liposomes, E1* molecules insert into liposomes and form
E1* HTs (27). The E1*HT and the full-length E1HT are
biochemically comparable in their resistance to trypsin di-
gestion and to dissociation by sodium dodecyl sulfate (SDS)
sample buffer at 30°C (27).

The neutral pH E1 ectodomain monomer is an elongated
molecule folded in three domains predominantly composed of

�-strands (28, 44). Domain I is positioned in the middle of E1
and connects to domain II containing the internal fusion pep-
tide loop at the tip of the molecule. The other side of domain I
connects with domain III. Domain III has an immunoglobulin-
like fold and adjoins the E1 stem region and the TM domain in
the full-length E1 molecule. In the low pH-induced E1* HT
conformation, domains I, II, and III essentially maintain their
original folds, but domain III moves �37 Å toward the mem-
brane-inserted fusion loop (15). The stem region, which is not
ordered in the monomer structure, becomes highly ordered
and extends along the trimer core composed of domains I and
II. The remaining stem region, which was removed during the
proteolytic production of E1*, is of sufficient length to com-
plete the connection to the fused membrane in the postfusion
conformation. The low pH-triggered rearrangement of E1 thus
forms a structure termed a “trimer of hairpins,” in which the
fusion loops and TM domains are positioned at the same side
of the membrane-inserted HT.

The structures of both the neutral pH- and the low pH-
induced conformations of the SFV E1 ectodomain are remark-
ably similar to those of the fusion proteins (termed E) from the
flaviviruses dengue virus and tick-borne encephalitis virus (3,
36–38, 43, 54). The alphavirus and flavivirus fusion proteins
have therefore been grouped together as “class II” virus mem-
brane fusion proteins (28). The “class I” virus fusion proteins
such as human immunodeficiency virus type 1 (HIV-1) gp41
and influenza virus HA2 also mediate fusion by rearrangement
of the fusion protein to form a trimeric hairpin (17, 25). A
critical step in hairpin formation and fusion is believed to
involve the packing of the outer layer onto the central core.
For the class I proteins, the central trimeric �-helical coiled-
coil is packed by an outer layer composed of the C-terminal
region of the fusion protein ectodomain (9, 17). Synthetic
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peptides (termed C-peptides) derived from the outer layer of
several class I proteins act as potent inhibitors of the fusion
reaction (reviewed in references 10 and 39). In contrast, the
outer layer of the class II proteins is composed of domain III
and the adjacent stem region. Similar to the class I C-peptides,
it was proposed that peptides derived from the class II stem
region might act as antiviral inhibitors (3, 37). The addition of
exogenous domain III during the low pH-triggered fusion step
blocks class II fusion protein fold-back and membrane fusion
(29), strongly suggesting that blocking hairpin formation would
be a viable antiviral strategy.

Despite the predicted importance of the stem of class II
fusion proteins, its exact function is poorly understood. The
stem of alphavirus E1 proteins has a sequence of �30 amino
acids, most of which is not predicted to have significant sec-
ondary structure. Fitting the crystal structure of the SFV E1

ectodomain into the cryoelectron microscopic density of SFV
or the alphavirus Sindbis virus suggests that the stem is very
close to the viral membrane and likely to interact with E2 (44,
52). An E1-E2 interaction around the alphavirus stem region is
also supported by studies of a chimeric Sindbis virus containing
E1 from the alphavirus Ross River virus. Growth of this chi-
meric virus can be promoted by mutations in the stem region
and transmembrane domain of E1 (51). Our recent studies
show that the presence of the stem on exogenous domain III
significantly increases its binding to the trimeric fusion protein
target and enhances the potency of fusion inhibition (29).
Taken together, these data suggest that the class II virus fusion
protein stem region may have roles both in virus assembly and
in the virus-membrane fusion reaction.

Here we set out to define the importance and features of the
conformational transition of the stem region during fusion. We
developed polyclonal antibodies specific to the N- or C-termi-
nal halves of the SFV E1 stem. These reagents demonstrated
that at low pH the E1 stem region converted from a strong
dimer interaction with E2 to a strong interaction with the
trimer core, and they revealed an intermediate conformation
of the E1 HT in which domain III was folded back while stem
packing was incomplete.

(The data in this study are from a thesis submitted by M.
Liao in partial fulfillment of the requirements for the Degree
of Doctor of Philosophy in the Sue Golding Graduate Division
of Medical Sciences, Albert Einstein College of Medicine,
Yeshiva University.)

MATERIALS AND METHODS

Cells and virus. BHK-21 cells, control cholesterol-containing C6/36 mosquito
cells, and cholesterol-depleted C6/36 cells were maintained as previously de-
scribed (29, 50). The SFV used in the present study was derived from the
pSP6-SFV4 infectious clone (30) and propagated in BHK-21 cells. 35S-labeled
SFV was prepared and gradient-purified as previously described (29).

Peptide synthesis. The stem1 and stem2 peptides were synthesized by Genemed
Synthesis, Inc. (South San Francisco, CA). The stem3 and stem4 peptides were
prepared by the Laboratory for Macromolecular Analysis, Albert Einstein Col-
lege of Medicine. The purity and amino acid composition of the peptides were
verified by high-pressure liquid chromatography and mass spectrometry.

Preparation of the stem antibodies. The stem3 and stem4 peptides were
conjugated via their respective N- or C-terminal cysteine residues with Imject
maleimide-activated mariculture keyhole limpet hemocyanin (Pierce Biotechnol-
ogy, Inc., Rockford, IL) according to the manufacturer’s instructions. The con-
jugated peptides were used to immunize New Zealand rabbits (Covance Re-
search Products, Inc., Denver, PA). The rabbit sera were affinity purified by using
stem3 or stem4 peptides coupled to UltraLink Iodoacetyl gel (Pierce). The
antibodies were concentrated, and the buffer was exchanged to phosphate-buff-
ered saline (PBS) by using Vivaspin concentrators (Vivascience, Hanover, Ger-
many), and the protein concentrations determined by Bio-Rad protein assay.
The purified antibody preparations were termed s3Ab and s4Ab.

ELISA. Enzyme-linked immunosorbent assay (ELISA) plate wells were coated
by incubation at 4°C overnight with 0.5 �M concentrations of the indicated stem
peptides. The wells were then blocked by incubation with 1% bovine serum
albumin (BSA) and incubated at 37°C for 1 h with 0.1 �g of s3Ab or s4Ab/ml or
without antibody as a negative control. Antibody binding was detected by react-
ing with goat anti-rabbit immunoglobulin G conjugated to alkaline phosphatase,
followed by incubation with substrate (2).

SFV-plasma membrane fusion assay. We used a previously described fusion-
infection assay (29) to follow the low pH-dependent fusion of SFV with the
plasma membrane of BHK cells. In brief, virus was prebound to cells on ice and
treated for 1 min at 37°C to trigger fusion of virus with the plasma membrane of
the cell. Cells were cultured at 28°C overnight in the presence of 20 mM NH4Cl
to prevent secondary infection, and infected cells were quantitated by immuno-
fluorescence. SFV domain III protein containing the N-terminal His tag and
C-terminal stem region was prepared and purified as previously described (29).

FIG. 1. Generation and mapping of antibodies to the SFV E1 stem
region. (A) Linear diagram of the primary sequence of the SFV E1
protein. Domains I (hatched), II (gray), and III (black), and the stem
(white) and transmembrane (checked) regions are indicated, along
with the residue numbers of the approximate domain boundaries. The
fusion peptide loop (residues 83 to 100) is in domain II. The sequences
of four stem peptides are shown, with an arrow indicating the protease
cleavage site that produces E1*. The cysteine residues attached to the
N terminus of the stem3 peptide and the C terminus of the stem4
peptide are underlined. (B) Binding of stem antibodies to stem pep-
tides. ELISA wells were coated with the indicated stem peptides and
then tested for the binding of s3Ab or s4Ab. The lanes labeled “�”
represent controls in which no primary antibody was added. The data
shown are the mean � the standard deviation (SD) from triplicate
wells. (C) The E1* and E2* ectodomains were immunoprecipitated as
indicated with a polyclonal rabbit antibody against the SFV E1 and E2
proteins (Rab), s3Ab, s4Ab, or preimmune serum. Quantitation
showed that the s3Ab immunoprecipitated 68% of the total E1* pre-
cipitated by the Rab antibody (average of two independent experi-
ments).
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Immunoprecipitation analysis. Immunoprecipitation analysis in the presence
of detergent was performed essentially as previously described (12, 24). In brief,
all samples were solubilized in 1% octyl-glucoside (OG) and reacted with anti-
body. The immune complexes were then absorbed to zysorbin, washed three
times with radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris [pH 8.5],
150 mM NaCl, 1 mM EDTA, 1% Triton X-100 [TX-100], 1% sodium deoxy-
cholate, 0.1% SDS, 20 �g of aprotinin/ml), subjected to SDS-polyacrylamide gel
electrophoresis (PAGE), and quantified by PhosphorImager analysis using Im-
ageQuant version 1.2 software (Molecular Dynamics, Sunnyvale, CA).

Immunoprecipitation analysis of intact virus without detergent was performed
only for the experiments described in Fig. 5. 35S-labeled SFV was treated at the
indicated pH at 37°C for 5 min, returned to neutral pH, reacted with the
indicated antibodies in the absence of detergent, absorbed to zysorbin, washed
two times with detergent-free buffer to remove unbound antibodies, and then
washed three times with RIPA buffer to disrupt viruses before SDS-PAGE
analysis (12). Under these conditions only the proteins specifically bound by
antibody in the intact virus particle were recovered by immunoprecipitation. The
total E1 present in the reaction was defined by solubilization of virus in 1%
TX-100 and immunoprecipitation with rabbit polyclonal antibody against SFV
E1 and E2.

Preparation of 35S-labeled homotrimers of the full-length E1 and E1 ectodo-
main. To prepare the full-length E1 HT, 35S-labeled SFV in morpholineethane-
sulfonic acid buffer (pH 8.0) was mixed with 1 mM liposomes containing a
1:1:1:1.5 molar ratio of phosphatidylcholine (PC), phosphatidylethanolamine
(PE), sphingomyelin (Sph), and cholesterol (Chol) (4); incubated at pH 5.5 at
37°C for 5 min; returned to pH 8.0; and solubilized in 1% TX-100 for 1 h at room
temperature. The viral RNA was digested at 37°C for 10 min with 50 �g of boiled
RNase A/ml, and then the viral proteins were digested with 50 �g of trypsin
[TPCK (tolylsulfonyl phenylalanyl chloromethyl ketone) treated; type XIII;
Sigma, St. Louis, MO]/ml at 37°C for 15 min. Digestion was stopped by treatment
with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 150 �g of soybean trypsin
inhibitor (Sigma)/ml for 15 min on ice. For each preparation, the isolation of
full-length E1 HT was confirmed by analysis on 20% acrylamide gels and com-
parison with the migration of viral E1 and E1*. The mass of the full-length E1
HT was also confirmed by mass spectrometry (data not shown). SDS treatment
of the full-length E1 HT was performed by heating at 95°C for 3 min in 2% SDS
in PBS, followed by vigorous shaking at room temperature for 5 min. This
treatment was repeated two more times, and the SDS was then diluted to
	0.05% in PBS containing 1% OG before immunoprecipitation analysis.

35S-labeled E1 and E2 ectodomains (E1* and E2*) were prepared by subtilisin
digestion of radiolabeled virus as previously described (13). Some p62* is always
observed in these preparations. E1* homotrimers were generated by treating
35S-labeled ectodomains at pH 5.5 at 37°C for 10 min in the presence of 1 mM
liposomes containing a 1:1:1:3 molar ratio of PC, PE, Sph, and Chol.

Formation of the E1 HT and the E1* HT was assessed by their character-
istic resistance to dissociation by treatment with SDS sample buffer at 30°C
for 3 min (13).

Liposome coflotation assay. Membrane insertion of the E1* ectodomain was
tested by treating 35S-labeled ectodomains at pH 5.5 at 37°C for 10 min in the
presence of 1 mM liposomes containing a 1:1:1:3 molar ratio of PC, PE, Sph, and
Chol. The samples were then adjusted to pH 8.0, and sucrose gradient flotation
was used to separate the top, liposome-containing fraction from the bottom,
unbound protein fraction, as previously described (1).

Virus solubilization and E2 immunodepletion. 35S-labeled SFV was solubi-
lized with 1% TX-100 at room temperature for 30 min. An aliquot of the
solubilized virus was incubated with 50 �g of boiled RNase A/ml in the presence
of 5 mM PMSF at 37°C for 10 min to digest the viral RNA. The E2 was then
immunodepleted by incubation on ice for 1 h with 100 �g of MAb E2-1/ml, a
mouse monoclonal antibody (MAb) against E2 (24). E2-antibody complexes
were removed by two serial absorptions with zysorbin, and the samples were
adjusted to 0.025% TX-100 and 1% OG in PBS before further immunoprecipi-
tation analysis. The molecular weight of the isolated E1 was verified by analysis
on 20% acrylamide gels.

Low pH treatment of 35S-labeled SFV on the plasma membrane of C6/36 cells.
The conformational changes in E1 were assessed after low pH treatment in the
presence of target membranes with or without cholesterol. 35S-labeled SFV was
prebound to control or cholesterol-depleted C6/36 cells for 1.5 h on ice in pH 7.4
binding medium (RPMI without bicarbonate plus 0.2% BSA and 10 mM HEPES
[RPMI/BSA/HEPES] supplemented with 20 mM MES and 20 mM NH4Cl).
Unbound virus was removed by washing in the cold, and the cells with bound
virus were treated at 37°C for 1 min with pH 5.5 medium (RPMI/BSA/HEPES
plus 30 mM sodium succinate). The cells were then placed on ice, washed two
times with pH 7.4 binding medium, lysed in PBS containing 1% TX-100, and

digested with 50 �g of trypsin/ml at 37°C for 15 min. The digestion was stopped
by the addition of 1 mM PMSF, 150 �g of soybean trypsin inhibitor/ml, 1 �g of
pepstatin/ml, 50 �g of leupeptin/ml, and 100 �g of aprotinin/ml, followed by
incubation on ice for �15 min. Samples were adjusted to 1% OG before immu-
noprecipitation analysis.

RESULTS

Generation and mapping of antibodies against the stem
region of SFV E1. We defined the SFV E1 stem as the se-
quence between lysine 384 and lysine 412 connecting domain
III to the TM domain (Fig. 1A). Four peptides including var-
ious portions of this sequence were synthesized. The stem1
peptide contains the complete stem sequence; the stem2 pep-
tide contains the stem sequence beginning with Ala391, after
which is the protease cleavage site that produces E1* (15); and
the stem3 peptide and stem4 peptide cover the N-terminal half
and C-terminal half of the stem, respectively. The stem3 and
stem4 peptides contain an N- or C-terminal cysteine residue
that was coupled to a protein carrier. The coupled peptides
were used to raise site-directed polyclonal antibodies termed
s3Ab and s4Ab (see Materials and Methods).

The specificity of the two stem antibodies was assessed by
testing binding to ELISA plates coated with the four stem
peptides (Fig. 1B). As predicted, s3Ab bound efficiently to
both stem1 peptide and stem3 peptide and not to stem4 pep-
tide. Interestingly, s3Ab showed no binding to stem2 peptide,
indicating that the sequence from K384 to Y390 contained
essential residues for s3Ab interaction. Immunoprecipitation
studies with radiolabeled E1* showed that it was efficiently
precipitated by s3Ab even though it ends at residue A391 (Fig.
1C), indicating that the stem sequence 384KDHIVPYA391 is
sufficient for s3Ab binding. As predicted, s4Ab showed efficient
binding to the stem1, stem2, and stem4 peptides (Fig. 1B) but
did not bind either stem3 peptide or E1* (Fig. 1C), which lack
the sequence used for immunization.

Effects of stem antibodies and peptides on SFV fusion. We
tested the four stem peptides and two stem antibodies for their
ability to inhibit the low pH-induced fusion of SFV with the
plasma membrane of BHK cells. As previously described (29),
SFV fused efficiently upon low pH treatment, and this activity
was strongly inhibited in the presence of 0.6 �M purified do-
main III protein containing the complete stem region (Fig. 2).
In contrast, no inhibition was observed when the fusion step
was carried out in the presence of stem peptides at concentra-
tions of 40 �g/ml (13 to 23 �M). Similarly, s3Ab and s4Ab did
not inhibit SFV-plasma membrane fusion when tested at con-
centrations of 200 �g/ml (�1.3 �M). In addition, neither the
stem peptides nor the stem antibodies inhibited SFV-liposome
fusion even when the fusion reaction was slowed by using
suboptimal pH and temperature conditions (data not shown).
In order to better understand these results, we analyzed the
accessibility of the stem in the virus particle and during the
fusion reaction.

Interactions between the stem antibodies and the E1 ectodo-
main. The reactivity of the stem antibodies with the E1 protein
suggested that they could be useful as a tool to follow the stem
region during the low pH-induced rearrangement of E1. We
began this analysis of E1 conformational changes using E1*,
which contains the s3Ab epitope at its C terminus. When
treated at low pH in the presence of cholesterol-containing
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liposomes, E1* inserts into the liposomes and forms a stable
homotrimer (27). The liposomes and associated E1* HT co-
float to the top of a sucrose gradient, while any remaining
monomeric E1* stays in the bottom fraction (1, 27). To test
antibody reactivity, immunoprecipitation of the top and bot-
tom portions of the gradient was performed in OG, a detergent
previously demonstrated to solubilize the liposomes and asso- ciated E1* while preserving the structure of the HT (14). Using

this system, we demonstrated that the E1* molecules in the top
fraction were efficiently immunoprecipitated by MAb E1a-1, a
MAb specific for the low pH-induced conformation of E1 (Fig.
3) (24). As predicted, MAb E1a-1 showed very little reactivity
against the monomeric E1* in the bottom fraction. In contrast,
the s3Ab very efficiently precipitated monomeric E1* from the
bottom fraction, while only �24% of the E1* in the top frac-
tion reacted with s3Ab. The actual proportion of E1* mole-
cules in the top fraction that reacted with s3Ab was probably
even lower than 24%, since antibody binding to the stem of one
E1* molecule would result in the precipitation of all three E1*
molecules in the HT.

The differential binding of s3Ab to monomeric and trimeric
E1* suggested a significant change in the conformation or
accessibility of the stem region during the formation of the E1*
trimer. Comparison of the E1* monomer and HT structures
(15, 28, 44) shows that the stem region recognized by s3Ab is
disordered in the monomer and ordered after trimerization,
with the stem interacting along the length of the trimer core.
The s3Ab data were consistent with this structural information
and further indicated that the stem packing onto the trimer
core was tight enough to resist displacement by antibody.

Although the N-terminal stem region shows an extensive
interaction with the HT core, the role of this interaction during
E1* membrane insertion and trimerization was not known. To
test this, E1* was prebound with different antibodies in solu-
tion at neutral pH. Samples were then treated at low pH in the

FIG. 2. Effect of stem peptides and stem antibodies on the fusion
of SFV with BHK cells. SFV was diluted in binding medium (pH 6.5)
and bound to BHK cells on ice for 90 min. The cells were then
incubated at 37°C for 1 min at pH 7.4 or 5.5 in the presence of the
indicated peptide or antibody. Cells infected during the low pH pulse
were quantitated by immunofluorescence. The proteins were used at
concentrations of 0.6 �M for His-DIIIS, 40 �g/ml for the peptides (s1
peptide, 13 �M; s2 peptide, 17 �M; s3 peptide, 23 �M; s4 peptide, 23
�M), or 200 �g/ml (�1.3 �M) for s3Ab and s4Ab. Note that for the
experiments with s3Ab and s4Ab the antibodies were also added to the
virus and preincubated at room temperature for 2 h before being
added to BHK cells.

FIG. 3. Binding of s3Ab is decreased after E1* trimerization. E1*
was mixed with liposomes and treated at pH 5.5 to generate E1*HT.
The membrane-bound E1* HTs (top fraction) and non-membrane-
bound E1* monomers (bottom fraction) were then separated by
floatation in sucrose gradients, solubilized in 1% OG at room temper-
ature for 15 min, and immunoprecipitated with the indicated antibod-
ies. For each antibody, the immunoprecipitated E1 was quantitated
and expressed as a percentage of the total E1 present in the top or
bottom fraction, as defined by precipitation with the Rab antibody.
The data represent the mean � the SD from three independent ex-
periments.

FIG. 4. S3Ab does not inhibit E1* liposome binding or HT forma-
tion. Ectodomains were prebound with the indicated antibodies using
concentrations of s3Ab and MAb E1f shown to give efficient immu-
noprecipitation (Fig. 1C). The samples were then treated at low pH in
the presence of liposomes. An aliquot of each sample was analyzed by
sucrose gradient flotation. The top liposome-containing fraction and
the bottom fraction (indicated as T and B, respectively) were collected,
precipitated with trichloroacetic acid, and analyzed by SDS-PAGE, as
shown in panel A. The E1* in the top fraction was expressed as a
percentage of the total E1* in the gradient (T � B), and results are
shown as the gray bars in panel B. Another aliquot of the same samples
was tested for the SDS-resistant HT using the assay described in
Materials and Methods and expressed as a percentage of the total E1*
(HT plus monomer), and the results are shown as the hatched bars in
panel B. The data are the average of two independent experiments.
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presence of liposomes, and the efficiency of E1*-liposome as-
sociation and SDS-resistant HT formation was evaluated (Fig.
4). E1*-membrane association was not affected by prebinding
of the protein with s3Ab, showing similar or even slightly
higher coflotation compared to samples treated in the absence
of antibody or in the presence of the control s4Ab. Similarly,
the s3Ab did not affect the formation of the SDS-resistant E1*
HT (Fig. 4B). In contrast, both E1*-membrane interaction and
HT formation were completely blocked by prebinding with
MAb E1f, an antibody to the E1 fusion peptide loop (Fig. 4)
(12). ELISA studies demonstrated that the mildly acidic pH
used in Fig. 4 did not release prebound s3Ab from the stem3
peptide or E1* (data not shown). Together, these results sug-
gest that interaction of the N-terminal stem with the trimer
core is not required for stable E1*-membrane interaction or
formation of the SDS-resistant HT.

Interactions between stem antibodies and viral E1. While
extensive cryo-electron microscopy reconstruction and fitting
studies have defined the arrangement of the E1 ectodomain on
the virus particle (28, 32, 40, 44, 52), the stem region is not
present in the neutral pH E1 structure, and its disposition on
the virus and changes at low pH have not been defined. We
therefore wanted to use the stem antibodies to probe the
accessibility of this region on intact SFV particles.

Purified 35S-labeled SFV was incubated at 37°C for 5 min at
the indicated pH, adjusted to pH 8, and then reacted with the
stem antibodies in the absence of detergent (Fig. 5). A deter-
gent wash was used at the end of the precipitation to allow
quantitation of E1 that specifically bound the antibody in the
intact virus particle. At pH 8 or pH 7 the E1 stem region was

inaccessible for binding of either the s3Ab or s4Ab (Fig. 5).
Both the N- and the C-terminal regions of the stem became
increasingly accessible after exposure to decreasing pH (pH 6.5
to 5.5). Approximately 90% of the viral E1 molecules bound
the s3Ab after treatment of virus at pH 5.5, while �50% of E1
bound the s4Ab after treatment at pH 6.0.

Studies of the structure of the alphavirus particle suggest
that the observed inaccessibility of the E1 stem region was due
to the presence of the E2 protein, which interacts closely with
E1 and forms the external spike domain (see, for example,
references 40 and 44). The E2/E1 dimer interaction is known
to dissociate at low pH (45), and virus chimera studies suggest
that E2 may interact directly with the E1 stem region (51). To
test whether an E2-E1 interaction protected the stem region
from antibody binding, 35S-labeled SFV was solubilized in OG
and then precipitated with stem antibodies (Fig. 6, left panel).
While increased immunoprecipitation was observed compared
to the intact virus at neutral pH (see Fig. 5), solubilized E1 was
only partially reactive with the stem antibodies (31% for s3Ab
and 26% for s4Ab). This is in keeping with previous studies
showing that the E2/E1 dimer is stable to treatment with OG
and other nonionic detergents (18). We therefore immunode-
pleted the solubilized viral proteins with an antibody against
E2 to enrich for monomeric E1 (55). This treatment changed
the ratio of E1 to E2 from 1:1 in the solubilized virus to 16:1
in the immunodepleted sample, demonstrating efficient E2
depletion. The monomeric full-length E1 was efficiently recog-
nized by the s3Ab (96% immunoprecipitation, Fig. 6, right
panel). Thus, the stem region of full-length E1 was fully com-
petent for s3Ab binding but was protected by the E2/E1 dimer
interaction. The s4Ab also showed increased binding after E2
depletion (45% versus 26%).

Although both antibodies strongly reacted with stem pep-
tides (Fig. 1B), the s4Ab showed lower binding to E1 than the
s3Ab (see Fig. 6 and 7B). The C-terminal part of the stem (�7
amino acids) was predicted to form an �-helix by several pro-
tein structure prediction servers such as Jpred (7), PSIPRED
(21, 33), and HHpred (47, 48) (data not shown). The stem4
peptide might not fully present this secondary structure during
antibody induction and purification, perhaps explaining why
the s4Ab did not efficiently recognize the stem on viral E1. In
contrast, the N-terminal part of the stem recognized by s3Ab

FIG. 5. The E1 stem region on intact virus becomes exposed after
low pH treatment. 35S-labeled SFV was treated at the indicated pH at
37°C for 5 min. The pH of all samples was then adjusted to pH 8, and
the accessibility of the stem region was assessed by immunoprecipita-
tion with stem antibodies as described in Materials and Methods.
Antibody precipitation was expressed as a percentage of the total viral
E1. The data shown are a representative example of two independent
experiments.

FIG. 6. The E2/E1 dimer interaction prevents the binding of stem
antibodies. 35S-labeled SFV was solubilized in detergent-containing
buffer and the E2 protein was removed by immunodepletion where
indicated (right panel). The accessibility of the E1 stem region was
tested by immunoprecipitation with the stem antibodies. For each
antibody the immunoprecipitated E1 was quantitated and expressed as
a percentage of the total E1 in the reaction (%E1, shown under each
lane). The total E1 was defined by precipitation with the Rab antibody.
The Rab sample was also used to quantitate the ratio between E1 and
E2 proteins before and after immunodepletion (shown under lane 1 of
each panel). The quantitative data are the average of two independent
experiments.
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was not predicted to form any secondary structure, and this
antibody efficiently recognized both peptide and viral E1.

Interactions between stem antibodies and full-length E1
HT. Recent studies have shown differences in the stability of
the full-length flavivirus E homotrimer versus the ectodomain
homotrimer (49), suggesting that additional contacts are pro-
vided by stem packing. However, the conformation and acces-
sibility of the stem region in the full-length class II fusion
proteins during fusion have not been studied. To study the
stem in the full-length E1 HT, 35S-labeled SFV was incubated
at pH 5.5 in the presence of liposomes to induce HT formation,
and the HT was isolated based on its resistance to trypsin
digestion (see Materials and Methods). Isolated E1 HT was
fully resistant to dissociation by SDS sample buffer at 30°C
(Fig. 7A, lane 2), and dissociation by boiling in SDS sample
buffer showed that only full-length E1 protein was present (Fig.
7A, lane 3). We compared the immunoreactivity of monomeric
(E2-depleted) full-length E1, the E1 HT, and the E1 HT dis-
sociated by SDS treatment (Fig. 7B). The s3Ab efficiently pre-
cipitated monomeric E1 but bound only �18% of the full-

length E1 HT. After the E1 HT was dissociated by boiling in
SDS, it was efficiently precipitated by the s3Ab, demonstrating
that the residues needed for s3Ab binding were present on the
isolated full-length HT. Thus, consistent with the results with
E1* (see Fig. 3), the N-terminal region of the stem was fully
accessible in monomeric E1, became hidden after E1 trimer-
ization, and could be reexposed by trimer dissociation. Because
of the relatively low efficiency of s4Ab binding, the accessibility
of the C-terminal region of the stem remains unclear. How-
ever, the E1 protein showed comparable reactivity (�50%)
with s4Ab before and after E1 HT formation, which suggested
a less drastic change than for the N-terminal stem.

The ectodomain studies described above suggested that
stem interaction was not essential for E1* membrane binding
and trimerization, since these were insensitive to prebinding
with s3Ab (Fig. 4). This suggests a possible role for the stem in
a later stage of E1 rearrangement and membrane fusion. To
test the correlation between stem packing and membrane fu-
sion, we used the s3Ab to compare the E1 HT conformations
formed under fusion-permissive versus fusion-nonpermisive
conditions. 35S-labeled SFV was bound on ice to control or
cholesterol-depleted C6/36 cells. The cells with bound virus
were then treated at pH 5.5 for 1 min at 37°C, conditions
previously shown to trigger virus fusion and infection of the
control cells. Virus bound to the cholesterol-depleted cells
does not fuse or infect, although the E1 HT forms and is both
SDS and trypsin resistant (42, 50). After low pH treatment the
cells with bound virus were lysed and the lysates digested with
trypsin to isolate the full-length E1 HT. Similar to the results
in Fig. 7B, the s3Ab reacted relatively inefficiently (31%) with
the E1 HT formed on control cells in which membrane fusion
occurred (Fig. 8). In contrast, the s3Ab reacted significantly
more efficiently (67%) with the E1 HT formed on cholesterol-
depleted cells in which fusion is blocked. The MAb E1a-1, an
acid-conformation-specific antibody that maps to domain I (2),

FIG. 7. Binding of the s3Ab is decreased after trimerization of the
full-length E1 protein. (A) Characterization of the E1 HT. Full-length
E1 HT was generated at low pH and isolated based on its resistance to
trypsin digestion. Aliquots of the samples were solubilized in SDS-
sample buffer for 3 min at 30°C (lane 2) or 95°C (lane 3) and analyzed
by SDS-PAGE with 11% acrylamide gels. Lane 1 shows a control of
35S-labeled SFV solubilized in SDS-sample buffer at 95°C. (B) Anti-
body reactivity of various E1 preparations. Monomeric E1 prepared by
E2 immunodepletion (see Fig. 5), full-length E1 HT prepared as in
panel A, and SDS-treated full-length E1 HT were adjusted to 1% OG
and immunoprecipitated with the indicated antibodies. The reactivity
with each antibody was expressed as a percentage of the total E1
precipitated by the Rab antibody. The data represent the mean � the
SD from three independent experiments.

FIG. 8. The s3Ab identifies an intermediate HT conformation gen-
erated on fusion-inactive cholesterol-depleted target cells. 35S-labeled
SFV was prebound on ice to control (black bars) or cholesterol-de-
pleted (gray bars) C6/36 cells and treated at pH 5.5 for 1 min at 37°C
to trigger the low pH-dependent conformational changes of the viral
glycoproteins. The samples were then solubilized in 1% TX-100,
treated with trypsin to isolate E1 HTs, and immunoprecipitated with
the indicated antibodies. Reactivity with each antibody was expressed
as a percentage of the total E1 precipitated by the Rab antibody. The
data represent the mean � the SD from three independent experi-
ments.
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reacted similarly with both preparations of E1 HT, in keeping
with this antibody detecting an E1 conformation correlated
with the folding back of domain III (29). Thus, fusion-blocking
conditions produced an intermediate E1 HT conformation in
which the stem region remains more accessible to s3Ab bind-
ing, presumably because it has not yet fully packed against the
trimer core.

Consistent with previous results demonstrating that the
presence of cholesterol in target membranes promotes HT
formation (5), the efficiency of trypsin-resistant HT production
on cholesterol-depleted cells was about half of that on control
cells (data not shown). In fact, a proportion of the E1a-1
reactive and SDS-resistant E1 HT formed on the cholesterol-
depleted cells was trypsin sensitive and thus not tested in the
experiment shown in Fig. 8. Studies that included this HT
population demonstrated that it was also fully accessible to
binding by the s3Ab (data not shown).

DISCUSSION

Dynamics of the E1 stem region. Cryo-electron microscopy
reconstructions and fitting of the E1 structure indicate that E2
covers much of E1 and interacts both with the E1 tip contain-
ing the fusion loop and with the stem-TM region at the other
end of E1 (see, for example, references 40 and 44). We devel-
oped site-directed antibodies to the SFV E1 stem and used
them to monitor this region during various stages of the virus
fusion reaction. Our results showed that the stem region was
inaccessible to antibody in the virus particle at neutral pH and
was not exposed even in detergent-solubilized E2/E1 het-
erodimers. The E1 stem region became accessible to antibody
binding in E2-depleted detergent-solubilized E1 or in virus
particles treated at low pH, a condition that disrupts the E2-E1
interaction. Dissociation of the E2/E1 dimer is the first observ-
able low pH-dependent step in the alphavirus fusion pathway
and an important point of fusion regulation (see reference 45
and references therein). A variety of mutations in the E2
ectodomain are known to alter the pH dependence of alpha-
virus-membrane fusion by affecting E2/E1 dimer dissociation
(16, 45, 53). Our data suggest that the stem region of E1 is also
important in dimer interaction and the regulation of mem-
brane fusion.

After the release of the E1 stem from E2 at low pH, the stem
region became s3Ab inaccessible after E1 trimerization. This
finding is consistent with the observed close packing of the E1
stem against the central trimer core in the E1* HT structure
(15). Thus, the s3Ab revealed a dynamic series of arrange-
ments of the stem in the virus: initial interaction with E2 on the
virus particle, release from E2 at low pH, and packing as part
of the outer layer of the stable trimer. These findings suggest
that the sequence/structure of the stem must be optimized to
balance its two distinct roles in regulatory dimer interaction
versus formation of the highly stable E1 homotrimer.

The intermediate HT conformation revealed by s3Ab. We
demonstrated that the s3Ab could efficiently bind E1* at neu-
tral pH (Fig. 1C) but that antibody binding did not inhibit the
low pH-triggered interaction of E1* with liposomes or the
formation of the SDS-resistant E1* HT (Fig. 4). This suggests
that E1 can insert into membranes and trimerize without fold-
ing back the stem region. Comparison of the trypsin-resistant

E1 trimers formed on control and cholesterol-depleted cell
membranes demonstrated that the s3Ab epitope was signifi-
cantly more accessible under fusion-blocking conditions (Fig.
8), suggesting that the stem does not fully pack against the
trimer core in the absence of fusion. Thus, packing of the stem
appears to be closely linked to the final membrane merger.

How do these results suggesting a late step in E1 hairpin
formation fit with the available information on E1 rearrange-
ment during membrane fusion? We have recently demon-
strated that membrane fusion by class II viruses such as SFV
and dengue virus is specifically blocked by the addition of
exogenous domain III during the low pH-triggering step (29).
Under these conditions, exogenous domain III stably binds to
an intermediate conformation of trimeric E1, thereby prevent-
ing the fold-back of the viral domain III. The block in domain
III fold-back correlates with decreased SDS resistance of the
E1 trimer and with a block in the exposure of the MAb E1a-1
epitope, suggesting that before the folding-back of domain III
the E1 trimer intermediate is not SDS resistant or MAb E1a-1
reactive. In the present study, the E1 HT formed on fusion-
inactive cholesterol-depleted membranes was SDS and trypsin
resistant and efficiently bound MAb E1a-1 but showed in-
creased reactivity with the s3Ab compared to the HT formed
on fusion-active control membranes (Fig. 8). This suggests that
during E1 trimerization under cholesterol-depleted conditions
the domain III folds back while the stem region does not
complete its packing. Thus, the present study provides the first
demonstration that the folding back of domain III and the
stem can be uncoupled during the low pH-induced rearrange-
ment of class II proteins.

The intermediate conformation of E1 revealed by the s3Ab
is reminiscent of an intermediate conformation described for
HIV-1 gp41, which does not form the final “trimer of hairpins”
until the completion of membrane fusion (35). Interestingly,
even though the data suggest that formation of the SFV trimer
core and domain III fold-back occur on the cholesterol-de-
pleted cells, the stem region did not pack along the trimer even
after the HT was solubilized in detergent (Fig. 8). Since the
hindrance to stem packing is presumably removed upon mem-
brane solubilization, the stem should then readily fit into the
grooves of the trimer core. It is possible that stem packing can
only occur simultaneously with formation of the groove and/or
that packing itself requires a low pH. Alternatively, the cho-
lesterol-deficient target membrane may not allow complete or
correct fold-back of domain III or formation of the optimal
groove for stem packing.

Stages in packing of the outer layer onto the trimer core.
Our data suggest a “two-step packing” model for the mem-
brane fusion reaction mediated by SFV E1. In such a model,
the trimer core formed by domains I and II would first be
bound by the folded-back domain III, followed by subsequent
binding of the stem region, with the latter step being directly
coupled to membrane merger.

There is evidence that the class I proteins also show two-step
packing of their outer layers. For example, the C34 C-peptide
of HIV-1 gp41 forms a stable six-helix bundle with a synthetic
N-peptide, whereas the more C-terminal T20 C-peptide is not
able to form a stable six-helix bundle (31) and is less potent at
inhibiting the lipid mixing step of fusion (26). The packing of
the C-terminal “leash” residues of the influenza virus HA2
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ectodomain is important to complete membrane fusion but is
not essential for the low pH-induced hairpin conformation
(41). Thus, different parts of the outer layer region from class
I fusion proteins appear to function sequentially during fusion.

This general “two-step packing” model may also be applica-
ble to the interaction of the cellular SNARE proteins during
intracellular membrane fusion events (for a review, see refer-
ence 20). The initial interaction of the N-terminal, membrane-
distal portion of the v-SNARE with the trimeric t-SNARE
complex is reversible and can be inhibited by exogenous pep-
tides containing this region of the v-SNARE (34). In contrast,
the C-terminal, membrane-proximal portion of the v-SNARE
interacts with the t-SNARE complex after the binding of the
N-terminal region of the v-SNARE becomes stable (34). Thus,
different portions of the v-SNARE show sequential and per-
haps functionally distinct stages of interaction.

Stem-based antiviral strategies. Because of the general sim-
ilarity of the “trimer of hairpins” of the class I and class II
proteins, it was predicted that synthetic peptides containing the
class II stem sequence would have fusion-blocking activity
analogous to that of the class I C-peptides (3, 37). Indeed,
exogenous domain III proteins containing the stem region
showed significantly increased binding to E1 at low pH and a
more potent inhibition of virus-membrane fusion (29), suggest-
ing that stem interactions could significantly contribute to the
driving force during membrane fusion. The lack of inhibition
by the stem1-4 peptides could simply reflect a need for peptide
optimization, similar to the results frequently observed with
class I peptides (39). It is also not known whether a stem
peptide could bind an initial trimer core versus whether bind-
ing would require the prior folding-back of domain III. If the
latter case were true, the exogenous stem could be at a strong
disadvantage in competing with the endogenous stem from the
folded-back domain III. Recently, a synthetic peptide contain-
ing a C-terminal region of the dengue virus stem was shown to
decrease infection by both dengue and West Nile viruses (19).
It will be interesting to determine the effects of this stem
peptide on the virus membrane fusion reaction.

Antibodies or small molecule inhibitors could be alternative
methods to disrupt the interaction of the stem with the trimer
core. Our data on SFV indicate that the alphavirus stem region
is inaccessible to antibody in the viral particle at neutral pH.
The lack of accessibility at neutral pH and the speed and
endosomal location of the alphavirus fusion suggest that stem
antibodies are unlikely to be useful fusion inhibitors. Small
molecules have been used successfully as inhibitors of hairpin
formation and membrane fusion for class I viruses such as
HIV-1 (8, 11) and respiratory syncytial virus (6). A small mol-
ecule strategy might also work for the class II viruses if it could
be targeted to a key stem interaction with the trimer core. The
alphavirus stem region contains a number of conserved resi-
dues. It will be important to define the roles of these conserved
stem residues in the dimeric interactions of E1 with E2, and in
the interaction of the stem with the trimer core during fusion.
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