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The alphavirus nucleocapsid core is formed through the energetic contributions of multiple noncovalent
interactions mediated by the capsid protein. This protein consists of a poorly conserved N-terminal region of
unknown function and a C-terminal conserved autoprotease domain with a major role in virion formation. In
this study, an 18-amino-acid conserved region, predicted to fold into an a-helix (helix I) and embedded in a
low-complexity sequence enriched with basic and Pro residues, has been identified in the N-terminal region of
the alphavirus capsid proteins. In Sindbis virus, helix I spans residues 38 to 55 and contains three conserved
leucine residues, L38, L45, and L52, conforming to the heptad amino acid organization evident in leucine
zipper proteins. Helix I consists of an N-terminally truncated heptad and two complete heptad repeats with
b-branched residues and conserved leucine residues occupying the a and d positions of the helix, respectively.
Complete or partial deletion of helix I, or single-site substitutions at the conserved leucine residues (L45 and
L52), caused a significant decrease in virus replication. The mutant viruses were more sensitive to elevated
temperature than wild-type virus. These mutant viruses also failed to accumulate cores in the cytoplasm of
infected cells, although they did not have defects in protein translation or processing. Analysis of these mutants
using an in vitro assembly system indicated that the majority were defective in core particle assembly.
Furthermore, mutant proteins showed a trans-dominant negative phenotype in in vitro assembly reactions
involving mutant and wild-type proteins. We propose that helix I plays a central role in the assembly of
nucleocapsid cores through coiled coil interactions. These interactions may stabilize subviral intermediates
formed through the interactions of the C-terminal domain of the capsid protein and the genomic RNA and
contribute to the stability of the virion.

Alphaviruses are members of the Togaviridae family and
have a well-defined virion organization. Their genome consists
of a single-stranded positive-sense RNA of ;12 kb (38). This
genomic RNA is packaged within an icosahedral T54 virus
particle that contains (i) an internal nucleocapsid core (NC)
surrounded by a host-derived lipid bilayer and (ii) a glycopro-
tein shell consisting of two transmembrane proteins, E1 and E2
(4, 26, 31). The assembly of the multilayered alphaviruses has
been studied extensively both in vivo and in vitro (39, 40, 43)
and is driven by energetic contributions of multiple repeating
noncovalent interactions. The assembly of subviral intermedi-
ates occurs in distinct cellular compartments, as the NCs are
formed in the cytoplasm and the two glycoproteins associate to
form heterodimers and undergo processing and maturation in
the endoplasmic reticulum and Golgi. This glycoprotein pro-
cessing is complex, although discrete intermediates in the pro-
cess have been identified (3, 28, 33). At the plasma membrane,
glycoprotein spikes, each consisting of a trimer of E1-E2 het-
erodimers, can be found. These spikes oligomerize at the cell
surface due to lateral interactions between the glycoproteins
(9). Independently, the genomic RNA is encapsidated by the
association of 240 capsid protein (CP) monomers in the cyto-

plasm to form the NC. These preformed NCs interact with the
viral glycoproteins at the plasma membrane. The energy de-
rived from the NC-glycoprotein interaction presumably drives
the budding of the mature virus from the infected cell (21).

A combination of X-ray crystallographic data from the CPs
of Sindbis virus (SINV) and Semliki Forest virus (SFV) and
cryoelectron microscopy reconstructions of Ross River virus
and SFV have highlighted possible residues in the C-terminal
protease domain (residues 114 to 264, SINV numbering) that
may be involved in intermolecular interactions during particle
assembly (4, 6, 7, 26). However, these structural analyses have
not provided information concerning the N-terminal region of
the CP (residues 1 to 106). Biochemical and molecular genetic
studies on SINV CPs have suggested that residues 76 to 132
contain important determinants that are involved in genomic
RNA recognition (14, 30, 45). These residues have also been
suggested to be involved in the formation of nucleic acid-
bound CP dimers, based on cross-linking experiments in an in
vitro core assembly system (40). Due to their highly positively
charged character, residues 1 to 80 of the CP have been im-
plicated in nonspecific interaction with the genomic RNA (43).
In addition, deletion analysis of large segments of the N ter-
minus of the SFV CP has indicated that the region between
residues 11 and 63 (SFV numbering) is important for NC
assembly (11), but the structural basis of this result has not
been clarified.

In this report we describe a theoretical identification of a
conserved stretch of 18 amino acids in the N-terminal region of
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the alphavirus CPs with predicted properties of an amphi-
pathic coiled coil a-helix (helix I) facilitating CP oligomeriza-
tion. A panel of mutants in helix I of the SINV CP has been
characterized with respect to virus growth properties and
virion assembly, as well as in vitro assembly reactions of the
NC. The results obtained suggests that helix I contributes sig-
nificantly to NC formation and stability, although it is not
absolutely required for virus particle formation. Thus, helix I is
a newly described structural determinant involved in alphavi-
rus core assembly.

MATERIALS AND METHODS

Computer sequence analyses. Amino acid sequences were derived from the
protein database maintained at the National Center for Biotechnological Infor-
mation (NCBI), National Institutes of Health (NIH). Sequence alignments were
produced using the ClustalX program (42). These alignments were sent as input
for the PhD program (34) to predict secondary structure. Proteins were also
analyzed for the presence of potential coiled coil regions using the Coils program
(25).

Viruses and cells. All viruses were grown at 37°C in BHK-15 cells that were
propagated in Eagle minimal essential medium (MEM) supplemented with 10%
fetal bovine serum, unless otherwise noted. The construction and isolation of the
wild-type parental virus Toto71 are described below. The full-length plasmid
pToto71 was used for all mutageneses unless otherwise indicated.

Construction of pToto71. To facilitate the rapid introduction of mutations,
four new restriction sites were introduced into the cDNA region encoding helix
I of the SINV CP. Although these restriction sites changed the nucleotide
sequence of the cDNA, they preserved the amino acid sequence of the protein.
Unique EcoRI and HindIII restriction sites from an M13mp18-derived clone of
SINV (pSM810) (30) were used to shuttle the region of the CP nucleotides ([nt]
7334 to 9120) into pGEM3Zf(1) (Promega, Madison, Wis.). The resulting plas-
mid, pGEMCAP, and its derivatives were used in QuikChange site-directed
mutagenesis (Stratagene, La Jolla, Calif.) to introduce four restriction sites
(NgoMIV, MfeI, BssHII, and MluI) into the cDNA region encoding the helix.
These sites correspond to nt 7742, 7776, 7795, and 7818 (SINV numbering),
respectively. Following mutagenesis, unique BstEII (nt 7472) and XbaI (nt 8529)
sites flanking the CP coding sequence were used to shuttle the DNA from the
pGEMCAP derivative into the full-length SINV cDNA plasmid, pToto50 (32).
The resulting plasmid was designated pToto71.

Construction of mutants. Full-length cDNA clones containing deletions in the
CP are designated pCPD(deleted residues), with D indicating a deletion. Proteins
expressed from these clones are designated CPD(deleted residues). pCPD(35–
58) was constructed by digestion of pToto71 with NgoMIV (nt 7742) followed by
the fill-in of overhanging ends with the Klenow fragment of DNA polymerase.
This fragment was subsequently digested with SpeI (nt 5262), and the resulting
2,480-bp fragment was gel purified. Similarly, pToto71 was digested with MluI (nt
7818) and blunt ended with Klenow enzyme. This fragment was then digested
with SpeI (nt 5262), and the large 11,306-bp fragment was purified. The two
fragments were ligated using standard protocols (35) to produce pCPD(35–58).
pCPD(45–50) was constructed in a similar manner, using the MfeI (nt 7776) and
BssHII (nt 7795) restriction sites in pToto71. However, to achieve this deletion,
a three-fragment ligation was required due to the presence of multiple MfeI and
BssHII restriction sites in pToto71. Therefore, the following fragments were
prepared and ligated: a 734-bp fragment from BssHII-blunt (nt 7795) to XbaI (nt
8529), a 12,805-bp fragment from XbaI (nt 8529) to BstEII (nt 7472), and a
304-bp fragment from BstEII (nt 7472) to MfeI-blunt (nt 7776) to produce
pCPD(45–50). pCPD(39–43), pCPD(59–63), and pCPD(71–75) were constructed
by Kunkel oligonucleotide-directed mutagenesis as previously described (18, 29).

Full-length cDNA clones containing substitutions in the CP are designated
pCP(original amino acid, position, substituted amino acid). Mutations at L45
were constructed by PCR-mediated mutagenesis using a 39 oligonucleotide
primer containing the desired mutation. This primer, which spanned nt 7767 to
7802 of pToto71, included the BssHII site at nt 7795. The 59 primer spanned nt
7467 to 7484 of pToto71 and included the BstEII site at nt 7472. Together, these
primers were used to amplify a 333-bp DNA fragment from pToto71 using Pfu
DNA polymerase (Stratagene). This fragment was digested with BstEII and
BssHII and then ligated to a 792-bp fragment previously digested with BssHII (nt
7795) and XbaI (nt 8529) from pToto71 and a 12,737-bp fragment digested with
XbaI (nt 8529) and BstEII (nt 7472), also from pToto71. Prior to ligation, all
fragments were purified following digestion using a QIAX II gel extraction kit

(Qiagen, Valencia, Calif.). CP(L52D) was constructed by Kunkel oligonucleo-
tide-directed mutagenesis as previously described (30).

The full-length cDNA clones containing the mutations were sequenced in the
vicinity of the introduced changes, using Thermo Sequenase radiolabeled termi-
nator cycle sequencing (Amersham Pharmacia Biotech, Piscataway, N.J.). Full-
length plasmids were linearized with SacI; RNA was transcribed in vitro from
these clones and transfected into BHK cells by using DEAE-dextran as previ-
ously described (18). Stocks of mutant virus were prepared following two rounds
of plaque purification. Cytoplasmic RNA was isolated from each of the mutants;
following reverse transcription-PCR, the products were sequenced to confirm the
presence of the mutation.

Pulse-chase analysis of cytoplasmic extracts. Cells (2.5 3 107) were electro-
porated with 10 mg of in vitro-transcribed RNA according to previously estab-
lished protocols (22, 30). At 6 h postelectroporation, the cells were starved for
methionine and treated with actinomycin D (1 mg/ml, final concentration). At
6.5 h postelectroporation, the cells were pulsed with [35S]methionine (50 mCi/ml;
ICN Biomedicals, Costa Mesa, Calif.) for 15 min. The samples were then washed
with MEM containing 1003 unlabeled methionine and overlaid with MEM
containing 5% dialyzed fetal bovine serum and 103 unlabeled methionine. The
cells were incubated for an additional 30 or 60 min at 37°C, at which time
cytoplasmic extracts were prepared from 2.6 3 106 cells and examined by auto-
radiography after sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) according to previously established protocols (30). These extracts
were also immunoprecipitated with anti-SINV CP antibodies.

Thermal inactivation studies. Thermal inactivation studies were carried out as
described elsewhere (37). Virus stocks were diluted in 13 phosphate-buffered
saline supplemented with Ca21, Mg21, and 1% fetal bovine serum, to give a final
concentration of 1,000 PFU/ml. Then 500 ml of virus was incubated at 56°C for
up to 20 min. At time zero and every 5 min thereafter, 30 ml of sample was
removed and added to 270 ml of the same buffer on ice. Following the last time
point, virus titers were determined by plaque assay on BHK cells.

Accumulation of NCs. NC accumulation studies were carried out as previously
described (23, 30). Briefly, 10 mg of in vitro-transcribed RNA was electroporated
into ;2.5 3 107 BHK cells and then incubated at 37°C. At 5 h postelectropo-
ration, cells were treated with actinomycin D to a final concentration of 1 mg/ml.
Six hours postelectroporation, replicating RNA was labeled with [5,6-3H]uridine
(40 mCi/ml; Amersham Pharmacia Biotech, Piscataway, N.J.). Cytoplasmic ex-
tracts from 2.6 3 106 cells were harvested at 12 h postelectroporation and layered
onto a 22% freeze-thaw sucrose gradient, which was centrifuged at 32,000 rpm in
an SW41 rotor (Beckman, Palo Alto, Calif.) for 2.5 h. The gradients were
fractionated using an ECONO system (Bio-Rad, Melville, N.Y.) into 600-ml
aliquots, and radioactivity from 50 ml of each fraction was counted in 8 ml of
Cytoscint liquid scintillant (ICN Biomedicals, Costa Mesa, Calif.). Immunoflu-
orescence was also carried out on these samples to determine electroporation
efficiency as previously described (29).

In vitro assembly. SINV CPs used for in vitro experiments are identified by the
abbreviation CPD(deleted) or CP(original amino acid, position, substituted
amino acid). The full-length wild type, as well as the mutant proteins used in
these assays, starts at residue 19 and ends at the ultimate amino acid of the CP,
residue 264. Proteins for the wild type and mutants were expressed and purified
according to previously established protocols; in vitro assembly was also carried
out as described previously (40). Briefly, equal volumes of wild-type or mutant
CPs (400 mg/ml) were incubated with a 48-base nonspecific oligonucleotide (240
mg/ml) and incubated at room temperature for 30 min. Assembly of core-like
particles (CLPs) was assayed by agarose gel, sucrose gradient sedimentation, and
negative-stain electron microscopy. Inhibition experiments were performed by
incubation of wild-type and mutant CPs at various wild type/mutant molar ratios
between 1:0.2 and 1:5, followed by the addition of the 48-base oligonucleotide to
maintain the same molar ratio of protein to nucleic acid as used in the wild-type
assembly reactions (1:1). These reaction mixtures were then incubated at room
temperature for 30 min and analyzed for CLP formation as described above.

RESULTS

A putative a-helix in the alphavirus CP. Structural studies
of the alphavirus CP have revealed a conserved chymotrypsin-
like fold in the C-terminal half of the protein (residues 114 to
264 of the SINV CP) (7). Using a combination of the available
X-ray crystal structures and the cryoelectron microscopy image
reconstructions, Cheng et al. suggested a unique orientation of
this domain into the capsomeres present in the NC structure
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(4). Additional crystallographic studies have shown that resi-
dues 106 to 113 of the SINV CP are involved in intermolecular
contacts between adjacent molecules in the crystal lattice, al-
though this arrangement was not seen in the fit obtained by the
cryoelectron microscopy reconstructions (5, 21). Despite nu-
merous attempts, the structural organization of the remaining
N-terminal residues has not been resolved. It has been sug-
gested that the bulk of this sequence resides on the interior of
the NC, neutralizing the negative charge of RNA through its
basic residues (43).

We have performed a comparative sequence analysis of the
N-terminal region of the CP from a representative set of al-
phaviruses and identified a conserved 18-amino-acid region
embedded in a low-complexity sequence enriched with basic
and Pro residues. This conserved region occupies a variable
position in different alphaviruses, being located between resi-
dues 38 and 55 in the SINV CP (Fig. 1A). A characteristic
feature of this region is a periodical heptad organization of
three leucine residues, L38, L45, and L52, the first of which is
conserved among the New World alphaviruses and the two
others among all alphaviruses. A similar periodicity of con-
served leucine residues was previously found in a-helix leucine
zipper motifs. These motifs have a high propensity to oli-
gomerize through coiled coil interactions (24, 25). In leucine
zippers and other coiled coil proteins, residues of each heptad
unit are labeled from a to g, with leucine occupying the d
position. The leucine at the d position along with hydrophobic
residues at the a position form a coiled coil interface. Likewise,
this CP N-terminal conserved region is strongly predicted to
adopt an a-helix conformation (34), has a significant coiled coil
potential (25), and thus can be labeled according to the coiled
coil convention (Fig. 1A). The alphavirus helix (helix I) con-
sists of an N-terminally truncated heptad and two complete
heptads. A wheel model of helix I predicts that it has a hydro-
phobic face formed by leucine residues at the d position and
b-branched residues at the a position (Fig. 1B). The opposite

face of helix I is formed primarily by noncharged polar residues
which are predicted to be solvent exposed. The structural sim-
ilarity between the alphavirus helix I and characterized coiled
coil domains suggest that helix I possesses properties typical of
the coiled coil class proteins. In the context of the alphavirus
life cycle, the expected ability to mediate oligomerization
would make helix I central to the process of virus assembly
and/or disassembly. To investigate the possible physiological
roles of helix I and its conserved leucine residues experimen-
tally, we have characterized a panel of SINV CP helix I mu-
tants in a number of in vivo assays as well as in vitro assembly
reactions of the NC.

Deletions in helix I compromise SINV replication. Previous
studies of SFV showed that deletion of amino acids 66 to 77
(SINV numbering) of the CP did not affect virus replication,
whereas deletion of amino acids 10 to 63 caused severe repli-
cation defects (11). To investigate whether the SINV CP could
accommodate such changes, we have characterized five dele-
tion mutants in the N-terminal region of SINV CP: three
mutants with deletions of amino acids within helix I [pCPD(35–
58), pCP(D39–43), pCPD(45–50)], and two mutants with dele-
tions of amino acids downstream of helix I [pCPD(59–63) and
pCPD(71–75)]. Viruses rescued from mutants CPD(59–63) and
CPD(71–75) had plaque phenotypes in BHK cells 48 h post-
transfection identical to that of the wild-type parental virus,
Toto64 (Table 1). One of the mutants in helix I, pCPD(39–43),
had a small plaque phenotype; the others [pCPD(35–58) and
pCPD(45–50)] had very small plaque phenotypes that reverted
rapidly during growth (Table 1 and data not shown). Results of
one-step growth analysis of CPD(59–63) and CPD(71–75) were
similar to those for the wild-type virus, whereas CPD(39–43)
exhibited significantly less virus release (Fig. 2). Previous stud-
ies by Owen and Kuhn (30) and by Frolov and coworkers (12)
had established that deletions in the CP could be made that
had little or no effect on NC or virus assembly yet had pro-
found effects on infectious virus released. In the work by

FIG. 1. Helix I in the alphavirus CP. (A) Sequence alignment of amino acid residues in helix I from indicated alphaviruses. Letters above the
alignment identify amino acid positions in a coiled coil helix. Invariant residues are marked by asterisks; residues that are identical to the SINV
amino acids are represented by dashes. (B) Coiled coil representation of helix I of SINV. The invariant leucine residues exclusively occupy the d
position of the helix, and b-branched residues occupy the a position. Abbreviations (NCBI protein numbers): SINV (130579), Sindbis virus;
AURAV (4240569), Aura virus; EEEV (130557), eastern equine encephalitis virus; WEEV (130581), western equine encephalitis virus; VEEV
(130559), Venezuelan equine encephalitis; SPDV (4808420), salmon pancreatic disease virus; RRV (130571), Ross River virus; SFV (130577),
Semliki Forest virus; CHIKV (576465), Chikungunya virus; ONNV (130568), O’nyong-nyong virus. Numbering corresponds to amino acid residues
of the SINV CP.
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Frolov and colleagues, a deletion in the N-terminal domain of
the Ross River virus CP resulted in particles that were released
but lacked RNA (12). In the work by Owen and Kuhn, a
deletion was constructed in the CP that permitted RNA pack-
aging, but specificity was lost, resulting in nonspecific encapsi-
dation of RNA (30). Therefore, it was possible that in these
studies, the decrease in infectious virus released was the result
of defective particles and not the result of a decrease in particle
assembly. To examine this possibility, equivalent amounts of
infectious virus from CPD(39–43) and Toto71 were examined
by immunoblotting using an anti-CP antiserum. The results
indicate that equivalent levels of infectious virus are the result
of equivalent numbers of CPs and presumably virus particles
(data not shown). Hence, there is no change in the particle-
to-PFU ratio for the CPD(39–43) virus. These results sug-
gested that residues within the proposed helix I are involved in
SINV assembly. Due to the extreme defect in replication, in-
sufficient amounts of the CPD(35–58) and CPD(45–50) viruses
were available for further characterization.

Two out of the five deletion mutants characterized above
[pCPD(35–58) and pCPD(45–50)] were generated using a
newly constructed genetic background designated pToto71. It
was produced from the original pToto50 full-length cDNA

clone of SINV (32) by engineering four new restriction sites to
facilitate mutagenesis in the helix I coding region. The nucle-
otide changes introduced into pToto71 (compared to pToto50)
did not affect the open reading frame, the size of plaques
recovered after transfection, or the kinetics of virus growth
(data not shown). This suggests that pToto71 was phenotypi-
cally indistinguishable from the parental virus. pToto71 was
used to generate all but one of the mutations in helix I de-
scribed below.

Conserved leucines in helix I are important for SINV rep-
lication. To gain further insights into the function of helix I, we
extended our study to characterize a set of point mutations in
helix I. Previous studies of various leucine zipper proteins have
shown that leucine in the d position of an amphipathic helix is
critical for determining the oligomerization properties of
coiled coils (15) and that it contributes more than other hy-
drophobic residues to stabilizing these oligomeric protein
structures (16, 27). To determine whether similar properties
were associated with helix I residues, mutations were intro-
duced at the conserved L45 and L52 residues occupying the d
positions in helix I according to our model (Fig. 1). L52 was
probed with one substitution (L52D), and L45 was replaced
with amino acids varying in hydrophobicity and side chain
geometry (Fig. 3). Following transfection of the mutant RNAs
into BHK cells and subsequent rescue of mutant viruses, their
plaque phenotypes and replication efficiencies were compared
to those of the Toto71 wild-type virus (Table 2 and Fig. 4). As
shown in Table 2, the results indicated that L45 mutants with
hydrophobic amino acids such as Trp, Ile, or Cys displayed
mid-sized plaque phenotypes; however, CP(L45V) displayed a
small plaque phenotype in BHK cells, and its yield was reduced
nearly 100-fold in the one-step growth analysis. CP(L45F) and
CP(L45A) also displayed small plaque phenotypes and pro-
duced even less virus, with amounts insufficient for one-step
growth analysis (Table 2 and data not shown). The L45 as well
as the L52 mutant, carrying charged amino acids [CP(L45K),
CP(L45E), and CP(L52D), respectively), displayed small
plaque phenotypes and moderate growth defects when ana-
lyzed by one-step growth experiments (Fig. 4 and data not
shown). The particle-to-PFU ratio for these mutants was also
examined by immunoblotting as described above; in all cases,
no significant change in the ratio was observed (data not
shown). Collectively, the above results strongly indicate that
L45 and L52 are important determinants of SINV growth, in
accordance with their roles predicted by the model.

Mutations in helix I disrupt NC assembly. Previous studies
showed that CP, along with the other structural proteins, is not
essential for virus RNA translation and replication (47). Ac-
cordingly, our model predicts that the compromised SINV
replication observed in the helix I mutants must be caused by
a defect(s) in virion assembly and/or disassembly. To evaluate
this prediction, we examined the protein synthesis and process-
ing patterns of five of the mutants tested, three deletion mu-
tants [pCPD(35–58), pCPD(39–43), pCPD(45–50)] and two
point mutants [CP(L45E) and CP(L45K)]. In vitro-transcribed
RNA from plasmids containing the mutations were electropo-
rated into BHK cells; at 6.5 h postelectroporation, cells were
labeled with [35S]methionine for 15 min and then chased for
either 30 or 60 min in unlabeled medium. Cytoplasmic cell
extracts from these mutants were prepared and analyzed by

FIG. 2. One-step growth analysis of SINV CP deletion mutants in
BHK cells. BHK cells were infected with the indicated virus at a
multiplicity of infection of 1. Media were replaced every 30 min for the
first 2 h and then every hour for 12 h. Supernatant was collected at the
indicated times, and released virus was assayed by titration on BHK
cell monolayers at 37°C. The results represent data obtained from a
single experiment. The wild-type strain is Toto64.

TABLE 1. Deletions in helix I of the CP

Genotype Plaque
phenotypea NC accumulation (%)b

Wild type lp 100
CPD(71–75) lp 100
CPD(59–63) lp 85
CPD(39–43) sp ,2
CPD(45–50) vsp ,2
CPD(35–58) vsp ,2

a Determined by plaque assay in BHK cells 48 h posttransfection. lp, large
plaque (3.0 to 3.5 mm); sp, small plaque (1.5 to 2.5 mm); vsp, very small plaque
(,1.5 mm).

b Determined at 12 h after electroporation of in vitro-transcribed RNA.
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SDS-PAGE and autoradiography (Fig. 5). As expected, the
mutants showed no significant defect in protein synthesis or
proteolytic processing, although there was less CP in each of
the mutants than in the wild type at the 60-min chase time
point. Impairment of NC accumulation by mutations in helix I
leads to the accumulation of free CP whose half-life may be
different from that of the bound form. The observed difference
in the amount of CP in the wild-type virus and helix I mutants
(Fig. 6; see above) might thus be explained by an accelerated
turnover of the mutant CPs.

Alphavirus assembly is a multistep process which involves
NC assembly in the cytoplasm of an infected cell prior to
budding from the plasma membrane. The amount of accumu-
lated NC in vivo can be monitored by sucrose gradient sedi-
mentation (23, 30). We used this assay to characterize the helix
I mutants. As shown in Fig. 6 and Tables 1 and 2, an accumu-
lation of NCs was observed for the wild-type virus and deletion
mutants outside helix I [CD(59–63) and CD(71–75)] but not for
deletion or point mutants within helix I. The only exception
was the CP(L45W) mutant, which showed a reduced level of
NC accumulation but still produced approximately 35% of the
wild-type level. Western blot analysis of cytoplasmic extracts

following NC accumulation assays confirmed that the helix I
mutants had no visible defects in protein translation or pro-
cessing (data not shown). These results imply that helix I func-
tions in the assembly of the SINV NC.

Single-site mutations in helix I diminish the stability of the
virus particle. The defect in NC accumulation observed in the
helix I mutants suggested that the stability of the NCs could
also be reduced in those mutants. This stability was analyzed by
assaying the sensitivity of SINV to incubations at 56°C for short
periods up to 20 min. As shown in Fig. 7, the helix I mutants
were less stable at 56°C than the wild-type virus, with the
surviving fraction of the mutants being 0.5 log to 1 log lower
than for Toto71. Some of the curves appear biphasic, suggest-
ing a two-step defect in stability. However, no pattern of amino
acid substitutions responsible for this behavior is apparent.
Similar results were obtained for the deletion mutants within
helix I, whereas deletion mutants outside of the helix had
stabilities similar to wild type (data not shown). These obser-

FIG. 3. (A) Amino acid deletions and substitutions in helix I. The
wild-type sequence corresponds to residues 32 to 59 of the SINV CP.
Deletions (‚) and substitutions are indicated. Dashes indicate the
wild-type sequence. Mutations were generated using the new restric-
tion sites in the pToto71 cDNA clone of SINV as described in Mate-
rials and Methods. (B) Schematic diagram of the SINV CP. Residues
1 to 80 have a high degree of positive charge and are implicated in
nonspecific recognition of the RNA, with the exception of residues 38
to 55, which are uncharged and form helix I. Residues 81 to 113
contain important determinants that are involved in specific recogni-
tion of the genomic RNA. Residues 114 to 264 form the protease
domain and are also involved in capsomeric contacts as well as contacts
with the cytoplasmic domain of E2. (C) Amino acid deletions outside
helix I. Mutations were constructed by oligonucleotide-directed mu-
tagenesis in the pToto63 cDNA clone of SINV as previously described
(30).

FIG. 4. One-step growth analysis of SINV CP substitution mutants
in BHK cells. BHK cells were infected with the indicated virus at a
multiplicity of infection of 1. Media were replaced every 30 min for the
first 2 h and then every hour for 12 h. Supernatant was collected at the
indicated times, and released virus was assayed by titration on BHK
cell monolayers at 37°C. The data represent averages of two indepen-
dent experiments. The wild-type strain is Toto71.

TABLE 2. Substitutions in helix I of the CP

Genotype Plaque
phenotypea NC accumulation (%)b

Wild type lp 100
CP(L45W) mp 35
CP(L45I) mp ,2
CP(L45C) mp ,2
CP(L45K) sp ,2
CP(L45E) sp ,2
CP(L45F) sp ,2
CP(L45A) sp ,2
CP(L45V) sp ,2
CP(L52D) sp ,2

a Determined by plaque assay in BHK cells 48 h posttransfection. lp, large
plaque (3.0 to 3.5 mm); mp, medium plaque (2.5 to 3.0 mm); sp, small plaque (1.5
to 2.5 mm).

b Determined at 12 h after electroporation of in vitro-transcribed RNA.
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vations are consistent with the results of previous analyses (see
above) and support our hypothesis. This effect of capsid mu-
tations on glycoprotein function has previously been shown by
the work of Burge and Pfefferkorn (2) and the study by Lee
and coworkers (20), which suggest intimate cross talk between
the inner NC and the outer glycoproteins.

The mutations in helix I confer a trans-dominant negative
phenotype to in vitro assembly of core particles. To study the

helix I mutants in more detail, we analyzed a subset of these
mutants by using a well-established in vitro assembly system for
CLPs. CPs corresponding to residues 19 to 264 from CPD(45–
50), CPD(35–58), CP(L45E), CP(L45W), and CP(L52D) were
expressed in Escherichia coli according to previously estab-
lished protocols (40). Assembly reactions were carried out with
mutant CP (400 mg/ml) and oligonucleotide (240 mg/ml) and
assayed by methods previously described for the wild-type pro-
tein (40, 44). As indicated in Table 3, all of the mutants tested
except CP(L45W) failed to assemble CLPs in vitro. CP(L45W)
assembled CLPs that sedimented similarly to wild type and
were similar in morphology to wild-type CLPs when examined
by negative-stain electron microscopy. However, many of the
CP(L45W) particles appeared disrupted, presumably due to
instability. The lack of CLP assembly observed for the majority
of the mutants in helix I further supported the in vivo obser-
vations suggesting that mutants in helix I were defective in core
assembly.

The effect of mutant CP on wild-type particle assembly was
also analyzed (Table 3). Wild-type and mutant CPs were mixed
at various molar ratios and incubated at room temperature for
30 min; then oligonucleotide was added to the mixture, main-
taining the protein/nucleic acid ratio required for efficient as-
sembly (40). The reaction mixtures were incubated at room
temperature for an additional 30 min and assayed as described
above. Wild-type CLP assembly was inhibited by mutant CP
when present at a wild-type/mutant protein molar ratio of 1:1
or greater, with a majority of the protein and nucleic acid
remaining trapped in the well when these reactions were ana-
lyzed on agarose gels. This was not observed in the wild-type
assembly reactions. It is not clear whether inhibition of CLP
assembly is caused by the mutant CP incorporating into wild-
type CLPs, rendering them unstable, or by the mutant protein
trapping intermediates in the assembly of CLPs. At present, no
trapped intermediates have been identified.

DISCUSSION

The alphavirus CP contains helix I, a leucine zipper-type
determinant of core assembly. Alphavirus virions are complex
oligomeric structures formed by multiple interactions between
homologous and heterologous subunits (38). In this report, we
provide molecular genetic and biochemical evidence that the
N-terminal region of the CP contains a newly recognized struc-
tural determinant of alphavirus assembly. This determinant,
helix I, is likely to stabilize the NC through coiled coil inter-
actions between capsid monomers. The predicted hydrophobic
intersubunit interface composed of conserved leucines and
b-branched hydrophobic residues mediates the intersubunit
contacts. This type of oligomer stabilization is characteristic of
leucine zipper motifs, first observed in the bZIP class of tran-
scription factors (19). Besides numerous cellular proteins,
leucine zippers were previously implicated in virion formation
in simian virus 40 and hepadnaviruses.

Leucine zippers consist of a series of heptad repeats (abcdefg)n

that form an amphipathic a-helix. Leucines occupy the d po-
sition of the heptad ;80% of the time; other hydrophobic
residues including leucine usually occupy the a position. To-
gether, the a and d positions define a hydrophobic interface
involved in the oligomerization of coiled coil proteins (15, 19).

FIG. 5. Pulse-chase analysis of a subset of SINV mutants. BHK
cells were electroporated with 10 mg of in vitro-transcribed RNA and
incubated at 37°C. At 6 h postelectroporation, the cells were starved
for methionine and treated with actinomycin D to a final concentration
of 1 mg/ml. At 6.5 h postelectroporation, the cells were pulsed with
[35S]methionine (50 mCi/ml) for 15 min. The samples were then
washed with MEM–1003 methionine and overlaid with MEM con-
taining 5% dialyzed fetal bovine serum and 103 methionine. The cells
were incubated for an additional 30 or 60 min at 37°C, at which time
cytoplasmic extracts were prepared and examined by SDS-PAGE fol-
lowed by autoradiography.

FIG. 6. Accumulation of NC in the cytoplasm of a subset of mu-
tants. In vitro-transcribed RNA from mutants and wild type were
electroporated into BHK cells and incubated at 37°C. Five hours
posttransfection, actinomycin D was added to the cells to a final con-
centration of 1 mg/ml, to block host cell transcription. At 6 h post-
transfection, replicating RNA was labeled with [5,6-3H]uridine (40
mCi/ml). Cytoplasmic extracts of the infected cells were prepared at
12 h posttransfection and layered onto a 25% freeze-thaw sucrose
gradient. The [3H]uridine profile of intracellular nucleocapsids follow-
ing sucrose gradient centrifugation fractionation and scintillation
counting is shown.
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In simian virus 40, two types of C-terminal interactions be-
tween VP1 proteins are present. In one type, the short C helix
of VP1 mediates leucine zipper-type contacts between the b-b9
VP1 monomers through the interactions of isoleucine 301,
leucine 304, and leucine 308 (13, 36). In the hepadnaviruses,
four hydrophobic residues in the CP form two heptad repeats,
with a glycine residue separating the two repeats into the a4b
and a5 helices. Alanine scanning mutagenesis has shown that
these residues are important for capsid assembly (46, 48).
Studies on peptides derived from transcriptional factor GCN4
have demonstrated that when the a position is predominantly
occupied by b-branched residues and the d position is occupied
by leucines, as observed in helix I of the SINV CP, the forma-
tion of dimeric parallel coiled coils is strongly favored (15).

Mutant phenotypes are compatible with the helix I model.
We probed SINV helix I with deletion and point mutations and
monitored their impact on virus assembly in in vivo and in vitro
assays. Although only a few mutants were characterized in
every assay used, results obtained consistently revealed a del-
eterious effect of the mutations on SINV assembly.

Mutants with a deletion of the entire helix I [CPD(35–58)] or
a deletion of six amino acids spanning the first and second full
heptad repeats [CPD(45–50)] were most detrimental to virus
assembly. In contrast, point mutations and deletion of five
amino acids spanning the truncated and first heptad repeats

[CPD(39–43)] of helix I had visible but less pronounced effects
on virus production. At present, the phenotypic difference be-
tween the deletion mutants CPD(39–43) and CPD(45–50) can
be explained by the helix I model. First, the severity of the
CPD(45–50) phenotype compared to the CPD(39–43) pheno-
type could be attributed to the deletion of an invariant residue,
L45, which is deleted in the first but not the second mutant.
Another, not mutually exclusive explanation is that the D39–43
deletion was better suited than the D45–50 deletion for heptad
reorganization that must occur when residues are removed
through deletion. Specifically, deletion of residues 39 to 43
would place T47 at the a position and S50 at the d position in
CPD(39–43). In turn, deletion of residues 45 to 50 would place
A51 at the d position and G55 at the a position of the helix in
CPD(45–50). A pair of threonine and serine residues com-
pared to a pair of glycine and alanine residues has a larger van
der Waals radius and thus may be better suited to fill the void
volume of the hydrophobic interface between CPs.

In an attempt to obtain a phenotype intermediate between
those of the deletion mutants and the wild type, L45 was
replaced with residues varying in hydrophobicity and van der
Waals radii. These mutants displayed 50- to 100-fold less virus
yield than the wild-type virus and were defective in NC assem-
bly. Yet interestingly, there was a wide tolerance for diverse
amino acids at this position. For instance, one-step growth
analyses of these mutants indicated that tryptophan, isoleu-
cine, and cysteine were well tolerated at this position, whereas
phenylalanine, alanine, and valine caused more severe defects
in replication; charged residues such as glutamate and lysine
yielded an intermediate phenotype. Variant CP(L52D) had a
phenotype similar to that of the CP(L45E) mutant. Analysis of
in vivo NC assembly indicated that only the tryptophan mutant
was able to form cytoplasmic cores, albeit only to 35% of
wild-type levels, indicating that it was still compromised in NC
stability.

In vitro assembly of a subset of mutants in helix I was also
carried out so that NC assembly of these mutants could be

FIG. 7. Thermal inactivation of SINV mutants. Thermal stability of mutant virus particles was determined by incubation of 500 PFU (diluted
in phosphate-buffered saline supplemented with Ca21 and Mg21) at 56°C for the times indicated. Aliquots were taken at the indicated time points,
and virus titers were determined by plaque assay on BHK cell monolayers. The results represent averages of three independent experiments. The
data were divided into two panels to improve clarity.

TABLE 3. In vitro assembly of CP mutants

Protein Assembly Inhibition of
assemblya

Wild type Yes
CP(L45W) Yes NDb

CP(L45E) No Yes
CP(L52D) No Yes
CPD(45–50) No Yes
CPD(35–58) No Yes

a Determined in the presence of CP(19–264).
b ND, not determined.
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studied as an isolated process without the interference of other
cellular and viral processes. Among the mutants tested (Table
3), only CP(L45W) assembled CLPs in vitro, in agreement with
results obtained in vivo. Furthermore, CLPs from CP(L45W)
were identical in morphology to wild-type CLPs with the ex-
ception that a majority of them were disrupted in the negative-
stained electron micrographs. This is possibly due to the lower
stability of the cores formed by CP(L45W) compared to the
wild type. The in vitro data further confirmed that mutations
within helix I affected NC assembly.

Leucine 45 tolerance to substitutions and rescue by glyco-
proteins. Analysis of mutants within helix I indicated that al-
though leucine is the preferred residue at position 45, helix I
has some flexibility in its interactions involving position 45.
This permits the formation of unique interactions involving
helix I that maintain functionality at the expense of stability.
This hypothesis is supported by the fact that all mutants at
position 45 were less stable than the wild type in thermal
inactivation studies. Although these mutants were compro-
mised in particle stability, as observed by the inability to form
stable NC cores in the cytoplasm, they still released a limited
number of virus particles. Therefore, it is possible that viruses
with mutations within helix I require NCs to assemble in con-
junction with the glycoproteins to provide added stability for
particle assembly. Similar suggestions have been made in stud-
ies of SFV mutants, where deletion of residues CPD(105–118)
and CPD(111–118) (SFV numbering) disrupted cytoplasmic
core assembly but only mildly affected the release of virus
particles (10). Likewise, the release of virus particles in the
SINV deletion mutants may be the result of NCs that assem-
bled in the presence of the glycoproteins that provided suffi-
cient stability for particle formation to occur at the plasma
membrane. This suggests the possibility of second-site suppres-
sors that could map to glycoprotein E2. Based on the observed
phenotypes of the helix I mutants, this is unlikely to have
occurred in these stocks, although a search for revertants is in
progress.

Role for helix I in alphavirus assembly. The analysis of helix
I has suggested that it is important for NC assembly, perhaps
functioning to stabilize CP-CP interactions during and after
the assembly of the NC. Based on these data, we propose a
model for the involvement of helix I in the assembly pathway
of the NC (Fig. 8). In the organization of the alphavirus NC,
residues 114 to 264 of the CP are proposed to lie within the
capsomeres that project off the surface of the NC (4). The
N-terminal 113 residues have been implicated in forming con-
tacts between these capsomeres and must also project toward
the interior of the particle and interact with the genomic RNA.
As shown in Fig. 8A and B, it is proposed that the initial step
in NC assembly involves the formation of nucleic acid-depen-
dent CP dimers (41). This dimerization occurs through con-
tacts that occur in the C-terminal two-thirds of the CP and
involves CP-CP contacts that occur within residues 81 to 264,
and CP-RNA contacts that occur through CP residues 81 to
113. This conclusion is supported by extensive in vivo and in
vitro analyses that have demonstrated that residues 81 to 113
are important for specific recognition of the genomic RNA (14,
30, 45) and that in the presence of nucleic acid, residues 81 to
264 are capable of forming CLPs in vitro (T. L. Tellinghuisen,
R. Perera, and R. J. Kuhn, submitted for publication). Yet, it
has also been shown that these CLPs are unstable structures
and need to be stabilized by a covalent chemical cross-link in
order to be isolated. This suggests that the N-terminal one-
third of the CP must play a crucial role in stabilizing these
dimeric assembly intermediates. As shown in Fig. 8C, this
additional stability can be afforded by coiled coil interactions
mediated by helix I. This is supported by recent studies that
have demonstrated that chemical cross-linking of lysine 250 of
the CP could rescue the formation of CLPs using assembly-
defective mutant proteins. Specifically, a mutant within helix I,
CP(L52D), that was unable to form NCs was rescued and
assembled into NCs when the dimer intermediates were stabi-
lized through cross-linking (Tellinghuisen et al., submitted).
These data strongly suggest that the chemical cross-link sub-

FIG. 8. A model for coiled coil interactions in alphavirus assembly. (A) Monomer of SINV CP. Structural information is available only for
residues 106 to 264 (upper portion of monomer). The remaining residues are shown as a random coil, and residues 38 to 55 are shown as an a-helix.
(B) In the presence of RNA (grey area with negative charges), the CP forms nucleic acid-bound dimers initiated by interactions through residues
81 to 264. These dimers are transient but can be isolated in vitro from assembly defective CPs by chemical cross-linking methods (41). (C) In the
absence of a chemical cross-link, coiled coil interactions mediated through helix I stabilize the nucleic-acid bound dimers; 120 copies of these
dimers further oligomerize to form the NC. (D) Assembled NC structure observed from cryoelectron microscopy of intact virus particles.
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stitutes for helix I and that the helix functions in stabilizing
dimer CP intermediates that proceed on to form NCs, which
are then sufficiently stable to interact with the glycoproteins
and bud out of the cell.

In coiled coil helices, the e and g positions are commonly
occupied by charged amino acids that form stabilizing salt
bridges and confer dimerization specificity to the coiled coil (1,
8). Particularly, experimental data on bZIP proteins have sug-
gested that the most favored amino acids at these positions are
lysine, arginine, and glutamine (17). The rationale for this
preference is that the methylene groups present in these long
side chains increase the energetic contributions by the van der
Waals forces and hydrophobic effects as they pack against the
hydrophobic core of the helix. Surprisingly, among the alpha-
viruses, SINV and salmon pancreatic disease virus have no
charged residues at the e and g positions of the helix, and the
rest of the alphaviruses only have a limited number of charged
amino acids at these positions. The significance of this amino
acid distribution as well as the role of the hydrophilic face in
helix I remain to be determined. Future studies should also clarify
the role(s) of the absolutely conserved glutamine residue of helix
I (SINV Q41), which is predicted to be solvent exposed.
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