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Envelopment of Sindbis virus at the plasma membrane is a multistep process in which an initial step is the
association of the E2 protein via a cytoplasmic endodomain with the preassembled nucleocapsid. Sindbis virus
is vectored in nature by blood-sucking insects and grows efficiently in a number of avian and mammalian
vertebrate hosts. The assembly of Sindbis virus, therefore, must occur in two very different host cell environ-
ments. Mammalian cells contain cholesterol which insect membranes lack. This difference in membrane
composition may be critical in determining what requirements are placed on the E2 tail for virus assembly. To
examine the interaction between the E2 tail and the nucleocapsid in Sindbis virus, we have produced substi-
tutions and deletions in a region of the E2 tail (E2 amino acids 408 to 415) that is initially integrated into the
endoplasmic reticulum. This sequence was identified as being critical for nucleocapsid binding in an in vitro
peptide protection assay. The effects of these mutations on virus assembly and function were determined in
both vertebrate and invertebrate cells. Amino acid substitutions (at positions E2: 408, 410, 411, and 413)
reduced infectious virus production in a position-dependent fashion but were not efficient in disrupting
assembly in mammalian cells. Deletions in the E2 endodomain (A406-407, A409-411, and A414-417) resulted
in the failure to assemble virions in mammalian cells. Electron microscopy of BHK cells transfected with these
mutants revealed assembly of nucleocapsids that failed to attach to membranes. However, introduction of these
deletion mutants into insect cells resulted in the assembly of virus-like particles but no assayable infectivity.
These data help define protein interactions critical for virus assembly and suggest a fundamental difference

between Sindbis virus assembly in mammalian and insect cells.

Sindbis virus (SV) is the prototype of the alphaviruses, a
family of viruses vectored in nature by mosquitoes and trans-
ferred via blood meal to humans and other vertebrates includ-
ing birds and mammals (48). SV is an icosahedral virus with
T=4 architecture composed of three structural proteins: capsid
(C), envelope glycoprotein 1 (E1), and E2 (37). There are 240
copies of each of the structural proteins in a mature virus
particle in a 1:1:1 stoichiometric arrangement. The outer en-
velope of the virus is composed of E1 and E2, which form 80
heterotrimeric spikes on the surface of the virus. Sandwiched
between this outer shell and the inner shell, or nucleocapsid
core (an aggregate of capsid protein and the virus RNA), is a
host-derived lipid bilayer. The membrane is traversed by both
of the outer envelope proteins E1 and E2. Two amino acids
exit the membrane and are exposed on the cytoplasmic side of
E1, whereas E2 has a cytoplasmic domain that is 33 amino
acids (aa) in length. The integrity of an intact virion is main-
tained by two distinct interactions between the structural pro-
teins. Lateral E1-E1 protein interactions stabilize the outer
shell (1, 39), and an association involving the cytoplasmic do-
main of E2 and capsid connects the inner and outer shells,
holding the particle together (6, 17, 19, 24, 35, 51).

Assembly of the virus particle involves multiple, specific
protein-protein interactions. The structural proteins are first
translated from 26S subgenomic RNA in the sequence NH2-
C-PE2-6K-E1-COOH (20). Capsid is released from the poly-
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peptide via an autoproteolytic activity and subsequently asso-
ciates with the 49S viral RNA to form an assembled nucleocapsid
(10). After capsid release from the polypeptide chain the nas-
cent protein is inserted into the endoplasmic reticulum (ER),
where cleavage by signal peptidase releases the 6K protein
(20). Prior to export to the Golgi apparatus E1 and PE2 form
heterodimers, followed by trimerization of these heterodimers
(5,31, 32). E1 and E2 heterotrimers are exported to the Golgi,
where PE2 is processed by furin protease to form E2 releasing
the E3 protein (34, 48). E3 is not present in a mature virus
particle and is released into the surrounding media. The E1-E2
protein complex is transported to the plasma membrane where
the process of virus envelopment takes place (4). At an un-
known point in the secretory pathway the endodomain of E2 is
pulled through the membrane and exposed to the cytoplasm
for nucleocapsid binding (23).

The differences in the chemical and physical properties of
membranes between insect and mammalian cells suggest that
interactions of virus proteins with these membranes may differ.
Insect cells (the natural host for alphaviruses) do not contain
significant amounts of cholesterol (<1%) in their membranes
(7, 8, 42), whereas mammalian cells have cholesterol as a
significant contributor to their structure and function (2). We
have previously shown that the difference in the composition of
mammalian and insect membranes places different require-
ments on the transmembrane domains of the virus glycopro-
teins for proper virus assembly (13-15).

The association of the E2 endodomain with the preformed
nucleocapsid is one of the critical events in the envelopment
process (10, 17-19, 35, 36). This 33-aa endodomain (aa 391 to
423) is a multifunctional domain that plays a critical role in the
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FIG. 1. Sequence of the SV E2 endodomain and related alphavi-
ruses. Residues in boldface were deleted, and underlined residues
were substituted as described in Materials and Methods. Dots indicate
conservation of the sequence of the E2 tail between these alphaviruses.

integration and processing of the structural proteins in the ER;
however, its primary function in assembly is binding to the
nucleocapsid (Fig. 1). X-ray crystallographic analysis of the
capsid protein revealed a hydrophobic cleft in the protein
extending from aa 170 to 250 (19, 46). It has been proposed
that this is the site of binding for the E2 endodomain during
the process of envelopment.

The E2 endodomain has multiple functions. One is to serve
as the signal for the integration of the 6K into the ER mem-
brane and, as such, the E2 endodomain is itself a membrane-
spanning protein. It is removed from the membrane and is
exposed to the cytoplasm sometime after export from the ER
but before it arrives at the plasma membrane and becomes
available for capsid binding. Many studies have been directed
at determining the nature of the E2-capsid interaction, to iden-
tify which residues from each protein are involved in and are
critical to binding (11, 24, 35, 36, 44, 49, 50) (Table 1). With
two exceptions these studies have been investigations of single
amino acid substitutions in the E2 tail (14, 21). Although some
of these substitutions significantly reduce infectious virus pro-
duction, none completely blocks virus production. It is clear
from these studies that particular residues such as E2 Y400
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play critical roles in the maturation of SV. Two studies in which
deletions were made in the E2 endodomain suggested that the
length of the tail is critical between the membrane cytoplasmic
face and Y400 but is not critical from Y400 to the end, A423.
To further elucidate the nature of the interaction of the E2
endodomain with capsid, we have developed a strategy to first
identify a region of the E2 tail that may be critical for assembly,
in order to make multiple mutations within that region and
analyze the effect on SV assembly.

MATERIALS AND METHODS

Cells, viruses, and media. Baby hamster kidney (BHK-21) cells were main-
tained in Eagle minimal essential medium (MEM) supplemented with 10% fetal
bovine serum, 5% tryptose phosphate broth, and 2 mM glutamine as described
previously (40). The cells were maintained at 37°C under 5% CO,_ The U4.4 cells
used were cloned from cells provided by Sonya Buckley (Yale Arbovirus Re-
search Unit, New Haven, CT). This cell line is maintained in Mitsuhashi and
Maramorosch medium (29). U4.4 cells are grown at 28°C. The wild-type SV
c¢DNA used in these studies was the SV Toto 1101 (41, 47).

Iodination of capsid protein. Purified capsid protein from aa 106 to 264
expressed in Escherichia coli (a generous gift from Richard Kuhn, Purdue Uni-
versity) was used as the capsid source. The peptides tested included the full-
length 33-aa endodomain, 391-KARRECLTPYALAPNAVIPTSLALLCCVRS
ANA-423, and truncated peptides from this sequence, 408-IPTSALALLCCVR
SANA-423, 416-CCVRSANA-423, 400-YAL-402, 399-PYALAP-404, and 391-K
ARRECLTPYAL-402, and also a control peptide of an unrelated sequence of
moderate hydrophobicity, NH,-ILEPVHGV-COOH. These peptides were syn-
thesized and purified at the California Institute of Technology and were provided
by James Strauss. All peptides were resuspended in 100% dimethyl sulfoxide
(DMSO) at a concentration of 1 mg/ml since this was the condition required to
dissolve the full-length 33mer. The 3mer and 6mer were added in a 1,000-fold
molar excess to the capsid protein. All other peptides were added at a 10-fold
molar excess. Capsid protein 106-264 (10 wg) was used in all binding reactions.
Capsid was bound to peptides by incubation in TEN (50 mM Tris [pH 7.6], 50
mM NaCl, and 1 mM EDTA) buffer. All capsid-peptide binding reactions were
adjusted to 40% DMSO, which was the final concentration of DMSO present in
the binding reaction with the full-length 33mer. The capsid-peptide binding
reaction was allowed to proceed slowly at 4°C overnight. Capsid-peptide com-

TABLE 1. Mutations produced in the E2 endodomain

Position Mutation Effect Reversion Reference

AAK391 Deletion of K391 No virus produced in BHK; wild-type None reported 14
virus levels produced in insect cells

A402-406 Deletion of LAPNA No effect on virus production None reported 21

T398/Y400 T398A/Y400N Reduced virus production by 3 logs; Revertants observed at Y400 but 50
no defect in virus assembly not T398 21

P399 P399G Released lower than normal levels None reported 16
of virus; produced multicored
particles; more heat stable than
wild type

A401 A4011, A401K Released lower levels of particles; None reported 16
multicored particles; heat stable

P404 P404G Released lower levels of particles; S182N in capsid (no real effect alone); 44
multicored particles; heat stable T398M in E2 tail (not studied)

Y400 Y400F Reduced particle formation by None reported 11
3 to 4 logs

1402 Y,C, T,G, N, D, Y, 2-log decrease; C and T, 4-log None reported 35

and R decrease; G, N, and D, 5-log

decrease; R, dead; no processing,
transport, or translocation defects

C416 C416A Produced virus slower than wild type; None reported 16
produced multicored particles

C417 C417A Highly defective in virus release; T256M in capsid (alone no affect); 16
produced multicored particles; S411L in E2 tail (not studied)
defective in processing P62-6K

5420 S420C Affected P62-6K cleavage None reported 11
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plexes were removed from unbound peptide in an Amicon 10 Spin Centricon
(Millipore, Bellerica, MA) by four washes each with 2 ml of TEN buffer. As a
control for the possibility that the denatured capsid protein could expose Y180
to iodination, C was denatured in 8 M urea. In this reaction 10 ng of C in TEN
was added to 8 M urea and incubated at 37°C for 5 h. The denatured C was
washed three times with 2 ml of TEN in an Amicon 10 Centricon and brought up
to 40 wl with TEN prior to iodination. The iodination reaction was essentially as
described by Coombs and Brown (9). In brief, to 40 pl of capsid-peptide complex
was added 40 mM glucose, 200 pCi of '2°1 (1,227 Ci/mM; Perkin-Elmer, Irvine),
0.02 U of glucose oxidase (diluted in phosphate-buffered saline [PBS], 0.9 mM
CaCl,, 1.4 mM KH,PO,, 0.5 mM MgCl, - 6H,O, 136 mM NaCl, 7.9 mM
Na,HPO,) (Worthington Biochemicals, Lakewood, NJ), and 0.01 U of lactoper-
oxidase (diluted in PBS) (Worthington Biochemicals) and brought to a total
volume of 63 pl in TEN buffer. Todination proceeded for 30 min at room
temperature and was terminated by the addition of 25 pl of stop buffer consisting
of 10 mg of tyrosine/ml, 10% glycerol, and 0.1% xylene cyanol incubated at room
temperature for 30 min. Unincorporated label and any labeled free peptide was
removed from the protein-peptide complexes by passing the protein through a
5-ml Sephadex G25 column (Sigma, St. Louis, MO). Column matrix was swollen
in PBS with 0.5% bovine serum albumin and washed with 10 column volumes of
PBS. A V-8 (endoproteinase-Glu-C) digest was made of the capsid-peptide
complexes by adding V-8 (dissolved in H,O) to a final concentration of 40 pg/ml.
The digest was allowed to proceed for 3 h at 35°C. Peptides generated from the
V-8 digest were run on 30-cm Tricine slab gels (25) at 30 mA for 19 h.
Site-directed mutagenesis of Toto 1101 and reverse transcription-PCR. Using
standard megaprimer site-directed mutagenesis protocols (45) and Pfu DNA
polymerase, substitution and deletion mutants were generated within the E2
endodomain of SV. Substitutions were made at the following positions in the E2
endodomain: 4081, 410T, 4118, and 413A. Positions 408, 410, and 411 were each
mutated to alanine (I408A, T410A, and S411A), whereas the alanine at position
413 was mutated to glycine (A413G). Deletions were made at positions E2 406
to 407, 409 to 411, and 414 to 417. The primer pairs used to create the deletions
were as follows: 406-407, sense (5'-GCCCTGGCCCCAAACATCCCAACTTC
GCTGGC-3") and antisense (5'-GCCAGCGAAGTTGGGATGTTTGGGGCC
AGGGC-3"), 409-411, sense (5'-CCCAAACGCCGTAATCCTGGCACTCTTG
TGC-3") and antisense (5'-GCACAAGAGTGCCAGGATTACGGCGTTTGG
G-3'), and 414-417, sense (5'-CCCAACTTCGCTGGCAGTTAGTAGGTCGG-
3") and antisense (5'-CCGACCTAACTGCCAGCGAAGTTGGG-3"). PCR
products from the mutagenized plasmid were placed into the wild-type vector by
using unique BssHII and BsiWI sites. After confirmation of the correct sequence
throughout the insert, infectious RNA was transcribed in vitro by using SP6
polymerase and introduced into cells by electroporation as described below.
To analyze the mutant viruses produced from transfection for the retention of
the original mutations and for the presence of pseudorevertants, reverse tran-
scription-PCR was used. Virus from transfections was pelleted at 40,000 rpm for
1 h. The pellet was then incubated in 100 pl of Tris-EDTA (10 mM Tris [pH 8.0],
1 mM EDTA) and 100 pl of 2X lysis buffer (100 mM Tris-Cl [pH 7.0], 20 mM
EDTA, 1% sodium dodecyl sulfate) for 20 min at 37°C (vortexing every 5 min).
The lysed virus was then extracted sequentially with phenol twice, phenol-chlo-
roform once, and chloroform once. Extracted RNA was precipitated in RNase-
free ethanol overnight at —80°C. RNA was pelleted and resuspended in 10 pl of
diethyl pyrocarbonate-treated water. RNA was transcribed by using murine leu-
kemia virus reverse transcriptase (Applied Biosystems, Foster City, CA) under
the following conditions. The reaction contained 10X PCR buffer (10 mM
Tris-Cl [pH 8.3], 50 mM KCI, 5 mM MgCl,), 20 U of SuperRNasin (Ambion,
Austin, TX), 200 pM concentrations each of deoxynucleoside triphosphates
(dNTPs) (Roche Diagnostics, Indianapolis, IN), 1.0 wM reverse primer, and 50
U of murine leukemia virus reverse transcriptase in a final volume of 20 pl.
Reverse transcription was performed at 42°C for 20 min and 99°C for 5 min.
After transcription, the volume of the reaction mixture was increased to 100 pl,
and the concentrations of the dNTPs and MgCl, were adjusted for the increased
volume. Sense primer was added to a final concentration of 2.0 uM, and an
additional 1.0 uM concentration of antisense primer was added. Tag DNA
polymerase was added to a final concentration of 2.5 U/100-pl reaction mixture.
In vitro transcription, RNA transfection, and plaque assay. Full-length mu-
tant and wild-type cDNAs were linearized by using the enzyme Xhol, treated
with proteinase K, phenol extracted, and ethanol precipitated. The templates
were transcribed as described previously (15, 41). The infectious RNAs were
transfected by electroporation essentially as described by Liljestrom and Garoff
(20). Briefly, BHK cells were treated with trypsin, pelleted, and washed in
RNase-free PBS (pH 7.0). Washed cells were resuspended to a concentration of
1 X 107 cells/ml. RNA transcripts (20 1) were added to 400 pul of BHK cells. The
electroporation conditions were 1.5 kV, 25 wF, and « resistance. Cells were
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pulsed once, allowed to sit for 10 min, and then transferred into 10 ml of MEM
(no gentamicin) in 25-cm? tissue culture flasks. Virus was harvested at 24 h
posttransfection, flash frozen in liquid nitrogen in 1-ml aliquots, and stored at
—80°C. To determine the titer of each virus, plaque assays were carried out as
described previously (40). All virus titrations were done on BHK-21 cells.

Transfection of U4.4 (dedes albopictus) cells. RNA transcripts of each of the
mutants were prepared as described above. Cells were pelleted and washed three
times in RNase-free HBS buffer (20 mM HEPES [pH 7.2], 137 mM NaCl, 5 mM
KCl, 0.7 mM Na,HPO,, 6 mM p-glucose). Washed cells were resuspended to a
concentration of 5 X 107 cells/ml. RNA transcripts (20 ul) were added to 400 pl
of cells. The electroporation conditions were 1.5 kV, 25 wF, and « resistance.
The cells were pulsed once and allowed to sit at room temperature for 10 min.
After 10 min the mixture was transferred to a 25-cm? vented flask, and Mitsu-
hashi and Maramorosch growth media was added in a dropwise fashion. Trans-
fections were incubated at 28°C under 5% CO,. Virus was harvested at approx-
imately 48 h posttransfection.

Immune precipitation of cells transfected with E2 endodomain deletion mu-
tants. Anti-whole-virus antibody was produced in rabbits, and SV-specific im-
munoglobulin G was purified by using a Hi-Trap, protein A column (Amersham
Pharmacia Biotech, Piscataway, NJ). Metabolically labeled transfections of
BHK-21 cells were carried out as described above. At 6.5 h posttransfection, 5 ml
of fresh medium containing 4 g of actinomycin D (Calbiochem, San Diego,
CA)/ml was added to 25-cm? flasks of cells (~5 X 10° cells), followed by
incubation at 37°C for 1 h. The flasks were then washed with 5 ml of room
temperature PBS-D (30 mM KCl, 152 mM KH,PO,, 79 mM Na,HPO,, 0.14
NaCl [pH 7.4]), placed into 5 ml of starvation medium (MEM deficient in
methionine and cysteine, supplemented with 2 mM glutamine and 3% fetal
bovine serum), and returned to 37°C for 1 h. The transfected cells were then
labeled with 50 p.Ci of [**S]methionine-cysteine/ml in 5 ml of starvation medium,
followed by incubation at 37°C overnight or until an advanced cytopathic effect
was visible. The labeled virus (media) was removed and stored 4°C. The cells
were washed once with cold 1X PBS-D. Labeled cell-associated proteins were
processed for immune precipitation as described previously (34). A total of 2 .l
of anti-whole virus antibody was added to the cell supernatants, followed by
rocking at 4°C. To the cell-antibody suspension, 200 pl of protein A-beads was
added, followed by rocking overnight at 4°C. Polyacrylamide gel electrophoresis
(PAGE) analysis of the supernatant from the precipitation and the labeled media
was done to confirm the efficiency of the antibody in removing viral proteins.

TEM. Samples were analyzed by transmission electron microscopy (TEM) as
described previously (38). BHK-21 and Aedes albopictus cell monolayers were
transfected with RNA transcribed from either wild type or each of the E2
endodomain deletion mutants (A406-07, A409-411, and A414-417) as described
above. At approximately 18 to 20 h posttransfection for BHK cells and 48 h
posttransfection for mosquito cells, the media were harvested, and the cell
monolayers were scraped from the flasks and pelleted by low-speed centrifuga-
tion. Cell pellets were washed twice with PBS-D and fixed with 3% glutaralde-
hyde (Ladd Research Industries, Williston, VT) in 0.1 M cacodylic acid buffer
(pH 7.4; Ladd Research Industries). After the cells were washed three times with
0.1 M cacodylic acid, the cells were stained with 2% osmium tetroxide in caco-
dylic buffer for 1 h. Cells were then washed as described above and embedded in
2% agarose. The agarose containing the cell sample was then prestained with 1%
uranyl acetate (Polaron Instruments, Inc., Hatfield, PA) overnight at 4°C. The
samples were washed and carried through ethanol dehydration. Infiltration was
done using SPURR compound (LADD Research Industries). Blocks were
trimmed on an LKB NOVA Ultrotome (Leica Microsystems, Inc., Deerfield,
IL). Ultrathin sections were obtained and stained with 5% uranyl acetate in
distilled water for 60 min and in Reynolds lead citrate (pH 12; Mallinkrodt
Baker, Inc., Paris, KY) for 4 min. The samples were examined at 80 kV in a
JEOL JEM 100S transmission electron microscope.

RESULTS

Protection of capsid protein residue Y180 by E2 endodo-
main peptides. SV capsid protein contains four tyrosine resi-
dues at positions 162, 180, 189, and 198. One property of
tyrosine is its ability to be iodinated by the enzyme lactoper-
oxidase. In 1987, Coombs and Brown determined that only one
of these four tyrosine residues (Y180) is accessible to lactoper-
oxidase iodination in the intact nucleocapsid and is thus ex-
posed on the surface of the protein in the intact core structure
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FIG. 2. Todination of capsid residue Y180 as an indicator of E2
protein binding. Capsid protein was iodinated in the presence (A) or
absence (B) of a peptide representing the 33-aa E2 endodomain. The
reaction was quenched and then treated (+) or not treated (—) with
V8 protease to release a peptide containing capsid Y180.

(9). The structure of the capsid protein determined by X-ray
crystallography suggested that the tyrosine at position 180
could exist in two conformations (19). In the absence of asso-
ciation with the E2 endodomain, Y180 is exposed on the sur-
face of the protein but in association with the E2 endodomain
Y180 is buried in the protein complex. These observations
allowed us to develop an assay for the interaction of the E2
endodomain with the capsid protein based on the ability of
amino acid sequence derived from the endodomain to cause
the conformational change that results in the protection of the
tyrosine at position 180 from iodination as described in Mate-
rials and Methods. Protection studies were performed with
peptides of differing lengths, corresponding to selected regions
of the E2 endodomain, and purified capsid protein. Limita-
tions were place on the number and sequences of the peptides
used because some peptides could not be purified and se-
quenced after the removal of protecting groups, probably be-
cause of their extreme hydrophobic nature. E2 peptide and
capsid protein were mixed, and lactoperoxidase and '*°I were
added as described in Materials and Methods. The reaction
was quenched, incubated with V-8 protease, and then analyzed
by Tricine gel electrophoresis as described previously (25).
We have previously shown that this treatment releases a
peptide containing capsid protein Y180, in the sequence 177-
AFTYTSE-183 (9) from purified nucleocapsids. The in vitro
experiment revealed that in the presence of a peptide corre-
sponding to the full-length E2 endodomain, capsid protein
residue Y180 could not be labeled by lactoperoxidase (pro-
tected), while in the absence of E2 peptide it was exposed to
labeling by '*°I (exposed) as shown in Fig. 2. Table 2 shows the
results obtained when this experiment was conducted with a
number of peptides representing fragments of the E2 endodo-
main. This experiment revealed that the conformational change
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in capsid protein resulting in the protection of capsid Y180
could be obtained with the full-length endodomain. Progres-
sive truncations of the endodomain suggested that the mini-
mum domain needed for protection of Y180 was a peptide
containing aa 408 to 415 in the carboxyl portion of the E2 tail.
Unfortunately, this sequence could not be tested directly since
it could not be produced (see above). Surprisingly, peptides
containing the conserved TPY sequence (aa 398 to 400), in the
absence of the carboxyl portion of the E2 endodomain, did not
produce the conformational change, resulting in the protection
of Y180. It has been proposed that the Y400 in the TPY
sequence interacted with Y180 and W247 in the capsid and
that this interaction was critical for virus assembly and virus
infectivity (46).

Construction of E2 endodomain mutants. The peptide pro-
tection experiments, presented above, suggested that the
amino acid sequence from aa 408 to 415 in the E2 tail was
required for the interaction with capsid protein in the in vitro
assay. To further elucidate the role that this sequence plays in
virus assembly and function, mutations were created in this
region. Both substitution and deletion mutants were produced
as described in Materials and Methods. Amino acid substitu-
tions were made at four positions within the targeted domain:
1408A, T410A, S411A, and A413G. Deletion mutants were
made removing the indicated residues: A406-407 (AV), A409-
411 (PTS), and A414-417 (LLCC). The mutants produced
cover the entire region of the E2 endodomain identified in the
peptide protection experiments (described above). Since the
COOH terminus of the E2 endodomain is initially integrated
into the ER membrane as the signal sequence for the 6K
protein, deletion and substitution mutants in this region were
also expected to elucidate the role these amino acids play in
this initial event in membrane protein assembly.

Growth of E2 endodomain substitution mutants in BHK
cells. To determine the effect of amino acid substitutions in the
E2 endodomain on virus assembly and function, viral RNA was
produced from constructs containing the mutations by in vitro
transcription and transfected into BHK cells as described in
Materials and Methods. Wild-type SV produced an average of
2 X 10° PFU of virus/ml from BHK cells, and the mutants
A413G and S411A showed little change in virus production
compared to the wild type (Fig. 3A). However, the T410A and
T408A mutants showed a reduction in the amount of infectious
virus produced. 1408A produced 10° PFU/ml, and T410A pro-
duced 10® PFU/ml (Fig. 3A). With the exception of the mutant
A413G, all of these substitutions introduce changes in the
atomic density of the E2 endodomain. The alanine residues
that were substituted into the E2 tail are less bulky than the

TABLE 2. Protection of capsid residue Y180 upon association with
peptides corresponding to the E2 endodomain

E2 endodomain peptide sequence Protection of

capsid Y180
391-KARRECLTPYALAPNAVIPTSLALLCCVRSANA=OK ...covemrerenceerenennns Yes
IPTSLALLCCVRSANA-OK. ... Yes
CCVRSANA=OK ..vrverrreaerereaenes No
YAL No
PYALAP No
391-KARRECLTPYAL No
ILEPVHGV (control) No
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FIG. 3. Production of infectious virus after transfection of BHK
cells with E2 endodomain mutants. (A) Production of infectious virus
by E2 endodomain substitution mutants. Virus was harvested 20 to
24 h posttransfection, and titers were determined by plaque assay on
BHK cells as described in Materials and Methods. (B) Production of
infectious virus by E2 endodomain deletion mutants. Virus was har-
vested 20 to 24 h posttransfection, and titers were determined by
plaque assay on BHK cells as described in Materials and Methods.

A4408-411

wild-type amino acids that are present: isoleucine (aa 408),
threonine (aa 410), and serine (aa 411). The observation that
these changes, with the exception of mutant I408A, produce
little reduction in infectious virus production and no alteration
in protein production (data not shown) suggests that the pre-
cise amino acid sequence of this portion of the E2 endodomain
is not critical in the assembly of the virion nor does it play a
significant role in virus function. It does indicate that as sub-
stitutions are made closer to the membrane bilayer, there is a
more deleterious effect on the production of infectious virus.
In addition, it suggests that position 408 is more critical for
infectious virus production than the positions downstream (i.e.,
410, 411, and 413) that were also analyzed. Based on these data
and findings published by others (11, 16, 35, 43), it seems that
many single amino acid substitutions do not modify the
endodomain structure to significantly disrupt assembly.
Growth of E2 endodomain deletion mutants in mammalian
cells. We have previously demonstrated that the deletion of a
single amino acid at the point where the E2 endodomain
emerges from the membrane bilayer (E2 K391) blocked virus
production from mammalian cells (14). We concluded that this
deletion reduced a critical distance between the membrane
bilayer and a sequence in the endodomain that interacted with
the capsid protein. A second deletion produced in our labora-
tory that deleted aa 402 to 406 had no effect on virus infection,
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indicating that a deletion which altered the length of the
endodomain after Y400 did not affect virus growth (21). De-
letions in other regions of the E2 endodomain have not been
examined for their effect on the assembly and growth of SV.

To determine the effect of deletions in the C-terminal por-
tion of the E2 endodomain (as identified by the C-Y180 pro-
tection assay) on virus assembly and infectivity, RNA tran-
scripts from the endodomain deletion mutants A406-407,
A409-411, and A414-417 were transfected into mammalian
cells (Fig. 3B). Virus production from wild-type and mutant
constructs was assayed as described above. Mammalian cells
transfected with wild-type viral RNA produce a titer of 2 X 10°
PFU/ml; however, all three deletion mutants showed a reduc-
tion in infectious virus production. The mutant A406-407 pro-
duced an average of 4 X 107 PFU of virus/ml in BHK cells.
This reduction in infectious virus production indicates that
positions 406 (alanine) and 407 (valine) could be important for
virus assembly and function. It is possible that deletion of these
residues changes the position of some downstream amino acids
and that this change in position is responsible for the observed
phenotypes, The fact that the previously published deletion of
aa 402 to 406 has no effect on virus production (21) argues
against this possibility. The deletion of aa 406 to 407 is imme-
diately upstream of the I408A substitution, which was also
found to be necessary for virus production. The deletion mu-
tations A409-411 (deletion of PTS) and A414-417 (deletion of
LLCC) both completely blocked the production of infectious
virus from mammalian cells (Fig. 3B). This result suggests that
these motifs are required for assembly and production of in-
fectious SV in BHK cells. It is noteworthy that P409 and aa 415
to 417 (LCC) are conserved among the alphaviruses. Substi-
tutions at P409 and CC 416 and 417 severely limit virus pro-
duction (11). These data in combination with the observation
that virus production was only moderately affected when single
amino acids in this region were substituted in the present study
indicate that the length of the carboxyl proximal portion of the
E2 endodomain and the strictly conserved sequence are critical
factors in virus assembly in mammalian cells.

Protein synthesis in BHK cells transfected with E2 endo-
domain deletion mutants. We have established that no infec-
tious or noninfectious virus is produced from two of the dele-
tion mutants (A409-411 and A414-417) and that deletion
mutant A406-407 produces significantly less infectious virus
from vertebrate cells compared to the wild type (Fig. 3B). In
order to determine whether defective protein processing is the
reason for the complete loss of virus production from BHK
cells, cells were transfected with each of the deletion mutants and
analyzed for virus protein production, processing, and release.

SV membrane proteins are integrated into the membranes
in the ER, where they follow a complex pathway of folding and
oligomerization to produce a heterotrimer that is exported
from the ER to the plasma membrane (1, 5, 31-33). The ER
controls for the production of correctly folded and assembled
proteins, and only proteins deemed correctly assembled are
shipped to the cell surface. En route to the cell surface the PE2
precursor is proteolytically processed to E2 by furin, a resident
protease in the trans-Golgi network. The product of this pro-
teolytic event is the membrane-associated E2 and the 16-kDa
E3 protein that is secreted. The production of E3 by a virus or
mutant virus indicates that the proteins have passed the quality
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FIG. 4. Protein synthesis in deletion mutant-transfected cells. (A) Proteins released into the media of BHK cells transfected with E2
endodomain deletion mutants. Equal volumes of media surrounding equal numbers of transfected cells was applied directly to PAGE. Arrows
indicate the positions of the virus structural proteins E1, E2, capsid, and E3. (B) Proteins immune precipitated from cells infected with deletion
mutant A414-417. Lanes: 1, wild-type RNA; 2, mock transfected; 3, transfected with RNA from deletion mutant A414-417. PE2, E1, E2, and C are
SV structural proteins. Arrows A and B indicate aberrant proteins produced in deletion mutant A414-417.

control of the ER and have been exported to the Golgi appa-
ratus. We examined the proteins secreted from cells trans-
fected with wild-type SV and the deletion mutants to assay the
production and export of proteins from the ER.

Virus proteins released into the surrounding medium were
analyzed by PAGE with equal volumes of cell supernatant as
described in Materials and Methods and as shown in Fig. 4.
BHK cells transfected with both wild-type RNA and the E2
deletion mutant A406-407 produced a normal complement of
virus proteins. Equal volumes of supernatant also revealed
equivalent amounts of the E3 glycoprotein produced by the
wild type and the double deletion (Fig. 4A). BHK cells trans-
fected with both the A409-411 and the A414-417 mutants also
produced amounts of E3 equal to the wild-type infection; how-
ever, neither of these mutants released significant amounts of
the virus structural proteins E1 or E2 into the media. The
A406-407 and A409-411 mutants did release capsid protein into
the media, but there was little indication of the presence of E1
or E2, whereas mutant A414-417 showed little to no release of
any structural proteins, including capsid (Fig. 4). The appear-
ance of capsid protein in the absence of significant virus pro-
duction may be the result of limited cell lysis and the release of
some of the large numbers of non-membrane-associated cap-
sids into the media. This conclusion is supported by the elec-
tron microscopy analyses described below.

We also examined the cell-associated proteins to determine
whether the mutations in the endodomain resulted in aberrant
virus structural protein processing. BHK cells were transfected

with the three deletion mutants, and proteins were isolated
from cells by immune precipitation and analyzed by sodium
dodecyl sulfate-PAGE as described in Materials and Methods.
The 2- and 3-aa deletions produced protein profiles indistin-
guishable from that of the wild type (not show). The 4-aa
deletion produced two nontypical protein bands that were not
recovered in mock-infected or wild-type transfected cells (Fig.
4B). These proteins have estimated molecular masses of 42
and 35 kDa. They are in well-defined compact bands, suggest-
ing that they are not the result of random degradation.

These results suggest that the deletions A406-407 and A409-
411 in the COOH terminus of the E2 endodomain do not affect
the insertion of the polyprotein into the ER or processing of
the structural proteins (except for A414-417). To determine
whether mature, functional E1 protein was present at the cell
surface, BHK cells transfected with deletion mutants A409-411
and A414-417 were subjected to analysis by fusion from within.
Cell-cell fusion from within (27) was observed for both large
deletion mutants, which indicated that functional E1 protein
was present at the cell surface (data not shown) in a confor-
mation allowing for low-pH-induced fusion. This further sug-
gests that there are no processing or transport defects in mam-
malian cells transfected with these deletions (i.e., A409-411
and A414-417). Collectively, these data suggest that the defect
in the E2 deletion mutants, A409-411 and A414-417, is most
likely in the ability of E2 to bind the nucleocapsid.

Electron microscopy of BHK cells transfected with E2
endodomain deletion mutants. To confirm that the defect in
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FIG. 5. Electron micrographs of BHK cells transfected with E2 endodomain deletion mutants. (A) Wild type; (B) A406-407 mutant; (C) A409-
411 mutant; (D) A414-417 mutant. (E) Enlargement of an area in panel D. Arrows indicate nucleocapsids. Bars, 200 nm.

the E2 deletion mutants was in the ability to bind nucleocap-
sids to modified cell membranes, we analyzed transfected cells
by electron microscopy. BHK cells transfected with wild-type
SV showed nucleocapsids attached to membranes, nucleocap-
sids at the plasma membrane, and virus particles budding from
the plasma membrane, as is typical in a mammalian cell infec-
tion (Fig. 5A). Budding viruses were also observed in cells
transfected with the E2 deletion mutant A406-407 as expected
based on the amount of infectious virus produced. However, a
significant number of nucleocapsids were seen free in the cy-
toplasm with this double deletion mutant (Fig. SB). This result
suggests that the decrease in the amount of infectious virus
production from this mutant is due, in part, to a reduced ability
of the E2 endodomain to bind nucleocapsids resulting in an
accumulation of non-membrane-associated capsids. The elec-
tron micrographs of cells transfected with the A409-411 (Fig.

5C) and A414-417 (Fig. 5D and E) deletion mutants support
the conclusions derived from PAGE analysis of proteins se-
creted from the infected cells. No virus particles were observed
budding from the plasma membrane in cells infected with
these mutants. The cytoplasm of these cells contained large
numbers of nucleocapsids, more than are seen in a wild-type
infection. None of the assembled nucleocapsids were attached
to internal membranes, and no nucleocapsids were associated
with the plasma membrane (electron-dense particles that are
membrane associated are smaller than capsids and are most
likely ribosomes). These observations support the conclusion
presented above that the defects in these deletion mutants are
in the ability of the E2 endodomain to bind the preassembled
nucleocapsid.

Electron microscopy of insect cells transfected with E2
endodomain deletion mutants. SV is an arbovirus and as such
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FIG. 6. Growth of E2 endodomain deletion mutants in insect cells.
Aedes albopictus (clone U4.4) cells were transfected with wild type or

mutant strains containing virus RNA as described in Materials and
Methods.
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must be capable of assembling virus in cells of both vertebrate
and invertebrate origins (3). We have previously shown that
deletions in the transmembrane domain of the E2 glycoprotein
could restrict the ability of SV to grow in an invertebrate host
(14, 15). We suggested that this was a result of the different
chemical and physical properties of the cell membranes of the
two hosts. These observations suggested that the deletions that
prevented the formation of virus particles in mammalian cells
may be tolerated to some degree in the invertebrate cells since
the targeted domain is also, initially, a transmembrane domain
(23). Insect U4.4 cells transfected with wild-type virus pro-
duced 5 X 10° PFU/ml. The phenotype of the E2 endodomain
deletion mutants in insect cells mimicked the phenotype ob-
served in mammalian cells (Fig. 6). The A406-407 mutant pro-
duced an average of 10® PFU of virus/ml, and both the A409-
411 and the A414-417 mutants produced no infectious virus
from U4.4 (Aedes albopictus) cells. These data are similar to
the results obtained in BHK cells (Fig. 3B) and confirm that
these sequences are vital for the production of infectious virus
in insect cells as well as mammalian cells.

To determine whether the failure to produce infectious virus in
insect cells was also the result of a failure to assemble virus
particles as in BHK cells, U4.4 cells transfected with these
deletion mutants were analyzed by electron microscopy. We
have previously shown that SV maturation in insect cells takes
place within internal vesicles rather than at the plasma mem-
brane (3, 12, 28), with some cells displaying large numbers of
matured virus particles. The virus contained in the vesicles is
released into the medium by a process resembling exocytosis in
which the vesicle membrane fuses with the cell membrane,
releasing the contents into the surrounding medium (3, 12, 28).
In agreement with the data showing the levels of infectious
virus production from cells infected with wild-type SV or the
double deletion (A406-407) mutant, virus particles were seen
within vesicles as is typical of infection of insect cells (Fig. 7A,
only the wild type is shown).

Transfections of insect cells with the larger deletions (A409-
411 and A414-417) produced a remarkable result. Although no
infectivity could be recovered from these transfections, large
numbers of virus-like particles were seen within vesicles for
both of the deletion mutants (Fig. 7B and C, only the A409-411
mutant is shown). Insect cells transfected with wild-type virus
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or the double mutant contained relatively low amounts of
cell-associated virus, whereas cells infected with the triple and
quadruple deletions contained very large numbers of cell-as-
sociated virus-like particles (Fig. 7B and C). This result may
suggest that release of the virus-like particles is impaired in the
triple- and quadruple-deletion mutant-infected cells. We have
been unable to recover any virus infectivity (as determined by
assay on BHK cells), and attempts to release infectious virus
from these cells by disrupting the cells also failed. For this
reason, we refer to these structures as virus-like particles.
These results suggest that the virus particles produced in the
triple- and quadruple-mutant-transfected cells is noninfectious
for BHK cells. The virus-like particles seen in the insect cells
transfected with the triple- and quadruple-deletion mutants
was not seen in the wild-type, double-deletion, or mock-trans-
fected cells. Some of these particles are not typical in morphol-
ogy, although they are consistent in size at 670 to 700 A in cross
sections, as is wild-type SV (Fig. 7B and C). Some of the
particles appear to lack the electron-dense centers typical of
thin-sectioned SV. More of these virus-like particles were seen
in the triple-deletion- than in the quadruple-deletion-trans-
fected cells, suggesting that assembly of the virus-like particles
may have been more impaired by the larger deletion. These
virus-like particles were found to be very fragile since attempts
to purify them from cell homogenates by gradient centrifuga-
tion were not successful.

DISCUSSION

Previous studies have indicated that the E2 endodomain
specifically interacts with a hydrophobic cleft in the surface of
the SV nucleocapsid (6, 17, 19, 24, 35, 51). This interaction is
one of the initial steps in the process of virus envelopment at
the plasma membrane and is critical in the formation of a
mature, infectious virus particle. Attachment of the E2
endodomain to the nucleocapsid is a primary function of this
multifunctional domain. Embedded within the E2 endodomain
is the signal sequence for insertion of the 6K protein into the
ER membrane (20). The C terminus of the E2 endodomain
also contains the signalase recognition motif necessary for re-
moval of 6K protein from the E2 protein.

The binding of the E2 endodomain to the preformed nu-
cleocapsid appears to be a two-step event (22). The first step
involves binding of the C-terminal portion of the endodomain
to the nucleocapsid, followed by a reorientation of the E2
endodomain within the capsid cleft in which E2 Y400 is posi-
tioned in close proximity to C Y180 and W247 (19). The
mutants analyzed here were targeted to a specific region of the
E2 tail identified by in vitro peptide-binding experiments, spe-
cifically the domain encompassing residues 408 to 415 within
the E2 tail. The protection of the peptide containing capsid
Y180 by sequences from the E2 endodomain could result from
the conformational change proposed by Lee et al. (19), which
causes Y180 to reposition into the hydrophobic cleft in the
capsid protein, which is the proposed binding site for the E2
endodomain. Alternatively, the E2 peptides could bind directly
to the region containing Y180 and cover it. We favor the first
of these explanations since the region of the E2 endodomain
around E2 Y400 appears to be the sequence that interacts with
capsid Y180 (19) and peptides containing this sequence were
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FIG. 7. Electron micrographs of Aedes albopictus cells transfected with E2 endodomain deletion mutants. (A) Wild type (arrows indicate
virions); (B and C) mutant A409-411. Bars, 100 nm.
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not found to produce protection (Table 2). We suggest that the
distal region of the E2 endodomain interacts at some site on
the capsid protein preparing the hydrophobic cleft in the cap-
sid protein to receive the E2 Y400 region of the endodomain
by the conformational change at capsid Y180. This sequence of
the E2 endodomain is also the region predicted to be involved
in the initial step of capsid binding.

Substitutions of single amino acid residues in the E2
endodomain (I408A, T410A, S411A, and A413G) had little
effect on the ability of SV to assemble and produce infectious
particles. Two of the substitutions, at positions 408 and 410,
had the greatest effect, a reduction of 2 to 3 orders of magni-
tude and 1 order of magnitude, respectively, in virus produc-
tion. However, substitutions at positions 411 and 413 had no
effect on infectious virus production. In addition, none of these
substitution mutants were defective in virus protein production
or processing. Despite the fact that three of the four substitu-
tions introduced significant changes in the atomic density of
the E2 endodomain, little change in virus production was
noted, indicating that the sequence in this region of the E2
endodomain is not a critical factor in the interaction with the
nucleocapsid.

If sequence is not a determining factor in the binding of the
E2 endodomain, the length of the tail could be a determining
factor in binding. The deletion mutants in the present study
shorten the length of the E2 tail by 2, 3, and 4 aa (A406-407,
A409-411, and A414-417, respectively). It was our hypothesis
that these deletions in the E2 endodomain would interfere
with the initial step in E2-nucleocapsid binding and that these
deletions might also aid in identifying the region of the
endodomain which interacted with the ER membrane during
the initial stages of polyprotein translocation. The phenotypes
of these deletion mutations might also aid in elucidating the
role of the composition of the host-derived lipid bilayer in the
integration of the polyprotein into the host membrane and how
this domain participates in the assembly of infectious virions.

The deletions described here are located in a region of E2
that is predicted to initially be buried in the membrane of the
ER when the polyprotein is inserted (23). It is not known at
what point in the secretory pathway this domain is extracted
from the membrane; however, extraction occurs after export
from the ER but prior to arrival at the plasma membrane (23).
Extraction of this domain and the proteolytic processing of
PE2 produce a mature E2 protein whose primary function is to
associate with the preassembled nucleocapsid. We have ob-
served that the larger deletions of 3 and 4 aa expressed in
mutants A409-411 and A414-417, respectively, are lethal mu-
tations. The larger deletion mutants prevent infectious virus
production in both mammalian and insect cells, whereas the
smaller deletion, A406-407, produces infectious virus from
both cell types. Electron microscopy has revealed that these
mutants do assemble nucleocapsids in mammalian cells; how-
ever, they are not capable of binding membranes, and the
assembled nucleocapsids are found free in the cytoplasm. It is
possible that the defect in capsid binding seen with these de-
letion mutants is failure to attach nucleocapsids to the trun-
cated endodomain or a failure to extract the E2 tail from the
membrane and expose it to the cytoplasm. This hypothesis will
be tested by using a clone of SV that allows the extraction of
the tail to be monitored (23).
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In mammalian cells we observed that nucleocapsids are assem-
bled inside cells and that the E3 protein is released into the media
in equivalent amounts for each of the deletion mutants. This
indicates that deletions made in the C-terminal portion of the E2
endodomain (specifically between aa 406 and 417) have little
effect on the insertion, processing, and transport of the structural
proteins of SV in mammalian cells. Collectively, the evidence
indicates that aa 406 to 417 in the E2 endodomain are critical
specifically for nucleocapsid envelopment in BHK cells.

The deletion mutants described above were found to display
a phenotype similar to that seen in mammalian cells for the
production of infectious virus when transfected into insect
cells. Significant infectious virus production was observed for
the double deletion, but in the case of the larger deletions no
infectious virus was produced. However, electron microscopy
revealed that assembled virus particles or virus-like particles
were present within the vesicles of insect cells infected with
each of the deletion mutants. This indicates that the larger of
these deletion mutants can assemble virus-like particles in the
insect cells, a circumstance not seen in mammalian cells. It is
possible that the difference in membrane composition between
insect and mammalian cells is responsible for this contrastive
result. These data suggest that in both cell types, mammalian
and insect, the length of the carboxyl-terminal portion of the
E2 tail is a critical factor. The sequence within that portion of
the tail can be altered with little or no effect on virus assembly
and production. However, shortening the tail even by only 2 aa
can alter virus production significantly in both mammalian and
insect cells.

Mosquito membranes do not contain cholesterol which,
among other effects, makes them significantly thinner than
cholesterol-rich mammalian cell membranes (2, 8, 26, 30). This
feature may allow a shortened membrane-spanning domain to
be successfully inserted into the membranes of these cells but
not the membranes of mammalian cells. Although virus-like
particles can be identified in insect cells infected with the larger
deletions, no infectivity can be recovered from these cells,
indicating that the assembly process is defective in some im-
portant and unknown aspect. Collectively, these observations
support the notion that there may be a more fundamental
difference in the assembly of SV in insect cells compared to the
assembly of SV in mammalian cells than previously thought.
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