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A nucleic acid-bound capsid protein dimer was previously identified using a Sindbis virus in vitro nucleo-
capsid assembly system and cross-linking reagents. Cross-link mapping, in combination with a model of the
nucleocapsid core, suggested that this dimer contained one monomer from each of two adjacent capsomeres.
This intercapsomere dimer is believed to be the initial intermediate in the nucleocapsid core assembly
mechanism. This paper presents the purification of cross-linked dimers of a truncated capsid protein and the
partial purification of cross-linked dimers of a full-length assembly-defective mutant. The assembly of core-like
particles from these cross-linked capsid protein dimers is demonstrated. Core-like particles generated from
cross-linked full-length mutant CP(19-264)L52D were examined by electron microscopy and appeared to have
a morphology similar to that of wild-type in vitro-assembled core-like particles, although a slight size difference
was often visible. Truncated cross-linked CP(81-264) dimers generated core-like particles as well. These
core-like particles could subsequently be disassembled when reversible cross-linking reagents were used to
form the dimers. The ability of the covalent intercapsomere cross-link to rescue capsid proteins with assembly
defects or truncations in the amino-terminal region of the capsid protein supports the previous model of
assembly and suggests a possible role for the amino-terminal region of the protein.

Despite numerous advances in the area of structural biology
and biochemistry of the alphaviruses in recent years, the def-
inition of the assembly pathway of the nucleocapsid core (NC)
remains elusive. The NC of Sindbis virus (SINV) is a stable
cytoplasmic structure composed of 240 copies of a single 264-
amino-acid capsid protein (CP) arranged in a 410-Å icosahe-
dron with T54 symmetry surrounding the viral genomic RNA
(3). Although no high-resolution structure of the NC exists,
several cryoelectron microscopy image reconstructions of com-
plete alphaviruses have been generated, demonstrating the
organization of the NC in the complete virion (3, 13, 21).
High-resolution structural information about the CP can be
gleaned from the several atomic structures of the carboxyl-
terminal chymotrypsin-like region of the protein (4–6, 19).
Crystallization of the complete NC, from both in vivo and in
vitro sources, has not proved fruitful, due to poor diffraction of
crystals generated to date (16). Modeling of the atomic coor-
dinates of CP(114-264) of SINV into the cryoelectron micros-
copy electron density of Ross River virus has provided a high-
resolution model of the structure of the NC (3). Examination
of the model suggested that the C-terminal domain of the CP
accounts for the density observed comprising the ;40-Å pen-
tameric and hexameric projections on the surface of the core.
Little evidence exists to position the remaining 113 residues of
the CP, although this region has been proposed to form both
the base of the core upon which the capsomeric projections
rest and the internal protein component of the core associated
with nucleic acid (Fig. 1) (3, 25). A recent 9-Å cryo-electron
microscopy image reconstruction of Semliki Forest virus (SFV)

has confirmed the orientation of the CP in the NC proposed in
the original model (20).

An in vitro assembly system using CP purified from Esche-
richia coli cells has been developed with an aim towards un-
derstanding the mechanism of assembly (23). The nucleic acid
and protein requirements for in vitro assembly of core-like
particles (CLPs) have been characterized. Several truncations
and mutants of the CP that failed to assemble CLPs in the in
vitro system have been identified. Of these defective proteins,
CP(81-264) and CP(19-264)L52D were found to bind nucleic
acid and incorporate into CLPs when present as additives
along with wild-type protein in assembly reactions. The ability
to incorporate into CLPs suggested that these assembly-defec-
tive proteins, although unable to complete particle assembly,
retained some of the contacts required to oligomerize during
assembly. Examination of these particles by electron micros-
copy suggested that no defect existed in the CLPs as a conse-
quence of truncated or mutant protein incorporation.

More recently, the ability of CP(81-264) and CP(19-264)
L52D to bind nucleic acid and the oligomeric state of these
proteins associated with nucleic acid have become an area of
investigation. When analyzed by X-ray crystallography, the CP
was found as a dimer (4, 6, 19); however, analytical ultracen-
trifugation and biochemical experiments indicated that the so-
lution state of the CP was a monomer (T. L. Tellinghuisen,
J. Burgner, and R. J. Kuhn, unpublished data). Combined with
the observation that no assembly of NCs occurred in the ab-
sence of nucleic acid, these data implied that nucleic acid
binding was an early and absolutely required step in assembly
(23, 27). Early chemical cross-linking experiments with SINV
cores purified from virus particles and CP extracted from pu-
rified cores demonstrated that numerous cross-linking re-
agents could generate oligomers of the CP (8–10). To investi-
gate the oligomeric state of the CP associated with nucleic
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acid, a variety of lysine-specific imidoester cross-linking re-
agents were investigated for the ability to identify a nucleic
acid-dependent cross-linked oligomer of the CP (24). A dimer
of CP(81-264) was observed with cross-linkers having a reagent
length of 11 Å, although shorter regents failed to cross-link the
CP. Mapping of the location of the cross-link indicated that
lysine 250 on one CP monomer was cross-linked to lysine 250
on an adjacent CP. Identical cross-linking was observed with
the assembly-defective CP(19-264)L52D, as well as with in
vitro-assembled CLPs of both SINV and Ross River virus.
Additionally, cross-linked dimers of both CP(81-264) and
CP(19-264)L52D could be incorporated into CLPs when
present as minor components in assembly reactions. Examina-
tion of the existing model of the NC, in relation to the mapped
location of the cross-link, both confirms the model and sug-
gests the dimer as a building block of the NC. It has been
postulated that nucleic acid-bound dimers of CP incorporate
into the assembling NC by an intercapsomere oligomerization.
This model of assembly is in accordance with the observed
cross-linking and assembly data, as well as by the lack of de-
tectable preformed capsomeres (23, 26, 27). The model of
assembly has important implications as to the role of the ami-
no-terminal portion of the CP in spanning the region between
capsomeres when associated with nucleic acid.

The data presented in this work further demonstrate the
importance of the observed cross-linked dimer. A method for
the purification of small amounts of the cross-linked dimer of
CP(81-264) and the partial purification of CP(19-264)L52D
dimers, as well as methods of refolding these proteins, have
been established. The rescue of in vitro CLP assembly using
these normally assembly-defective CPs by the presence of the
covalent intercapsomere cross-link is described. Although the
rescue of CLP formation by cross-linking appears to be an
inefficient process, CLPs can be generated from previously
assembly-defective proteins. Analysis of CLPs rescued through
cross-linking suggests these particles have a shape similar to
those of normal CLPs at the level of negative-stain electron
microscopy, but appear slightly smaller. The use of reversible
cross-linking reagents allows the removal of the cross-link from
these rescued CLPs, thereby leading to particle disassembly.
The ability of the cross-link to rescue assembly of these defec-
tive proteins has important implications for the role of the
amino terminus of the alphavirus CP, as well as for the mech-
anism of particle assembly.

MATERIALS AND METHODS

SINV CP and nucleic acids. SINV CP(19-264), CP(19-264)L52D, and CP(81-
264) were expressed and purified as described previously (23). Proteins are
identified by the abbreviation CP followed by the residues expressed in paren-
theses. Mutant proteins are further identified by the wild-type one-letter amino
acid code, the residue number, and the substituted amino acid. Typical protein
purities were 90 to 95% as estimated by silver-stained sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Protein concentrations re-
ported were based on absorbance at 280 nm by using an extinction coefficient of
27,880 M21 cm21 for CP(19-264) and 22,190 M21 cm21 for CP(81-264). The
standard synthetic 48-base DNA oligonucleotide used in in vitro assembly assays
was 59-CCGTTAATGCATGTCGAGATATAAAGCATAAGGGACATGCAT
TAACGG-39. Transfer RNA material consisted of commercial preparations of
ultrapure yeast tRNA (Boehringer Mannheim, Indianapolis, Ind.).

Cross-linking of CP. Cross-linking of CP(81-264) was performed as described
previously (24). Binding of CP(81-264) to DNA oligonucleotides or tRNA was
conducted as described below. Equal molar amounts of nucleic acid and protein
were mixed at room temperature in buffer A (25 mM HEPES [pH 7.4], 100 mM
potassium acetate, 1.7 mM magnesium acetate) in a reaction volume of 25 ml.
Binding reaction mixtures were incubated for 10 min. Mock nucleic acid-bound
samples contained 12.5 ml of 1-mg/ml CP and 12.5 ml of buffer A. Following
nucleic acid binding, reactions were cross-linked where indicated with 1 ml of a
0.25 mM stock of dissuccinimidyl suberate (DSS) or dithio-bis-succinimidyl pro-
pionate (DSP) (both from Pierce, Rockford, Ill.) in dry dimethyl sulfoxide.
Cross-linking was allowed to proceed for 30 min at room temperature, and
reactions were terminated with the addition of glycine to a final concentration of
200 mM. Cross-linking efficiency was monitored by electrophoresis of aliquots of
reaction mixtures by SDS-PAGE (12% polyacrylamide gels) under nonreducing
conditions and subsequent staining with Coomassie brilliant blue R-250 and
densitometric analysis. Efficiency of cross-linking was typically 30%. Reversal of
DSP cross-linking was performed by the addition of b-mercaptoethanol to a final
concentration of 1%. Cross-linking of CP(19-264)L52D was performed as de-
scribed for CP(81-264).

Purification of CP dimers. CP(81-264) or CP(19-264)L52D cross-linking re-
action mixtures were mixed with an equal volume of nonreducing SDS-PAGE
sample buffer and subjected to SDS-PAGE (12% polyacrylamide gels). CP(81-
264) proteins were then transferred to Immobilon-P polyvinylidene difluoride
(PVDF) membranes by following the manufacturer’s protocol. Efficient transfer
of proteins from SDS-PAGE gels was monitored by Ponceau S staining of PVDF
membranes. Bands corresponding to the cross-linked dimer of CP(81-264) were
excised, and the PVDF was minced into fragments of approximately 0.5 mm2.
Samples were then vortexed in a 1.5-ml Eppendorf tube in PVDF elution buffer
(25 mM Tris [pH 8.5], 1% Triton X-100, 2% SDS) for 10 min. Ten microliters of
PVDF elution buffer was used per square millimeter of PVDF membrane ex-
cised. After vortexing, PVDF fragments were pelleted by a 1-min centrifugation
in a microcentrifuge, and liquid fractions containing the eluted protein were
removed. For CP(19-264)L52D dimers, bands were cut directly from unfixed and
unstained SDS-PAGE gels and, following mincing of gel slices, were placed in
acrylamide elution buffer (25 mM Tris, [pH 7.3], 2% SDS, 1% Triton X-100) at
room temperature for 6 h. The location of the CP dimers was determined by
direct comparison to a control lane containing a CP(19-264)L52D cross-linking
reaction product that was excised from the gel and stained with Coomassie
brilliant blue R-250. Approximately 400 ml of elution buffer was used per 100 mg
of minced acrylamide. Recovery of both CP(81-264) and CP(19-264)L52D was
approximately 80% of input protein. For both CP(19-264)L52D and CP(81-264)
protein samples, excess SDS was separated from the purified dimers by use of
SDS-OUT reagent (Pierce) by following the manufacturer’s suggested protocol.
CP(81-264) could be completely purified from contaminating monomeric CP and
nucleic acid by using this procedure. CP(19-264)L52D could be completely
purified from nucleic acid, but monomeric CP was seen as a contaminant (ap-
proximately 25% of total eluted protein) in all preparations of CP(19-264)L52D
dimers. It is not clear why complete purification was not achieved with the
CP(19-264)L52D dimers, although the full-length and truncated proteins be-
haved differently during purification and refolding.

CP(19-264) NC assembly. In vitro assembly of CP(19-264) capsids was per-
formed as described previously (23). Briefly, equal molar amounts of CP and
nucleic acid were mixed in a final volume of 100 ml in buffer A at room temper-
ature. Typical reaction mixtures contained 50 ml of 1-mg/ml CP (1.8 nmol) and
50 ml of 1-mg/ml 48-base assembly oligonucleotide (2 nmol) or 50 ml of 500-
mg/ml tRNA (1.8 nmol). Reaction mixtures were incubated for 30 min at room
temperature, and reaction mixtures were assayed for the presence of CLPs as
described elsewhere.

FIG. 1. Schematic of SINV nucleocapsid protein. Amino acid num-
bers are shown on top of the CP schematic, and the positions of the
amino (N) and carboxyl (C) termini are indicated. Black shading des-
ignates the C-terminal protease domain (residues 114 to 264). The
position of helix I is designated by cross-hatching. The CP can be
divided into three major regions: the residues comprising the base of
the NC, the residues involved in nucleic acid binding and dimer for-
mation (gray), and the residues contained within the capsomeric pro-
jections.
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CP(81-264) dimer and CP(19-264)L52D dimer NC assembly. One hundred
microliters of approximately 200 mg of purified DSS- or DSP-cross-linked dimers
of CP(81-264) per ml, following SDS removal, was mixed with 100 ml of 200 mg
of tRNA/ml in buffer A. Reaction mixtures were incubated for 30 min at room
temperature. CP(19-264)L52D reactions were performed identically to those
described for CP(81-264) with the exception that dimers were present at approx-
imately 75 mg/ml and tRNA was at 75 mg/ml. Reversal of DSP cross-linking in
assembled CLPs was performed by the addition of b-mercaptoethanol to a final
concentration of 1%.

Sucrose gradient sedimentation and Western blotting. Following dimer-only
assembly, the presence of CLPs was assayed by sucrose gradient sedimentation.
Assembly reaction mixtures (200 ml) were loaded onto 12-ml 25% freeze-thaw
sucrose gradients prepared with buffer A. Samples were then centrifuged in an
SW-41 rotor (Beckman, Palo Alto, Calif.) at 4°C for 105 min at 38,000 rpm.
Following sedimentation, gradients were fractionated into 1-ml aliquots for anal-
ysis. For Western blot assays, fractions were separated by SDS-PAGE (12%
polyacrylamide gels) and transferred to nitrocellulose membranes. The mem-
branes were exposed to a polyclonal rabbit anti-capsid antibody, followed by
exposure to a secondary goat anti-rabbit immunoglobulin G conjugated with
horseradish peroxidase. Blots were subjected to chemoluminescent detection
using WestFempto chemoluminescent reagents (Pierce) and procedures and
were exposed to Kodak X-ray film.

Electron microscopy. Following assembly of CLPs, a 3.5-ml sample was placed
on a freshly glow-discharged, 400-mesh copper grid coated with Formvar and
carbon. Following 2 min of sample absorption and extensive washing with water,
7 ml of a 2% (wt/vol) uranyl acetate stain was applied. After 4 min of staining,
grids were wick dried with Whatman no. 1 filter paper and allowed to air dry for
a minimum of 20 min. Samples were then viewed on a Philips EM420 electron
microscope using an acceleration voltage of 100 kV at a magnification of
3105,000. Images were captured on Kodak SO-163 EM film.

RESULTS

CP cross-linking. Previous experiments demonstrating the
biological activity of the cross-linked dimer were limited by the
inability to purify the cross-linked dimer free of contaminating
monomer (24). This inability to generate pure dimer free of

the assembly-inhibiting monomeric forms of the defective pro-
teins CP(81-264) and CP(19-264)L52D eliminated the possi-
bility of examining if the cross-link could rescue the defects
seen with CP(81-264) and CP(19-264)L52D. Therefore, a meth-
od for the purification of cross-linked dimers was required.

Initial cross-linking experiments with DSS were performed
essentially as described previously (24). Figures 2 and 3 present
the observed cross-linking with DSS using CP(81-264) and
CP(19-264)L52D, respectively. In lanes 1 of both Fig. 2 and 3,
the migrations of the monomeric forms of CP(81-264) and
CP(19-264)L52D are indicated. Lanes 2 of both figures present
the production of a dimeric species of either CP(81-264) (Fig.
2) or CP(19-264)L52D (Fig. 3) with DSS cross-linking. Lanes 3
of both figures present the observed cross-linking of CP with
the reversible reagent DSP. No detectable differences in either
overall cross-linking efficiency or species cross-linked were ob-
served when comparing DSS and DSP cross-linking Fig. 2 and
3, compare lanes 2 and 3), thereby allowing the use of the
reversible cross-linking reagent to investigate the role of the
cross-link in particle assembly and stability.

Dimer purification. The purification of the dimeric form of
CP(81-264) and CP(19-264)L52D was a prerequisite step to
investigating the ability of the cross-link to rescue particle
assembly. Purification of cross-linked dimers of CPs was at-
tempted by a variety of chromatographic and filtration tech-
niques, with little success. The insolubility of the dimer when
removed from nucleic acid and associated monomeric proteins
prevented purification. A method of purification of the dimer
of the CP by separation on SDS-PAGE gels and transfer to and
elution from PVDF membranes was developed. The inclusion

FIG. 2. Cross-linking, dimer purification, and cross-link reversal of
CP(81-264). Lane 1 demonstrates the electrophoretic mobility of
CP(81-264) on an SDS–12% polyacrylamide gel stained with Coomas-
sie brilliant blue R-250, with only monomeric CP(M) evident. Lane 2
contains CP(81-264) treated with DSS cross-linker in the presence of
tRNA. Monomeric and dimeric (D) forms of C(81-264) are visible.
Lane 3 contains CP(81-264) treated with DSP cross-linker in the pres-
ence of tRNA. Similar to lane 2, monomeric and dimeric forms of
CP(81-264) are present. Lane 4 contains purified DSS-cross-linked
dimers of CP(81-264). Only dimeric CP is present. Lane 5 contains
samples identical to those of lane 4, but samples were first treated with
b-mercaptoethanol; only dimeric CP was detectable in this sample.
Lane 6, purified DSP-cross-linked dimers of CP(81-264). Lane 7,
b-mercaptoethanol-treated samples identical to those in lane 6. No
detectable dimeric form of the CP remained following treatment.

FIG. 3. Cross-linking, dimer purification, and cross-link reversal of
CP(19-264)L52D. Lane 1 demonstrates the electrophoretic mobility of
CP(19-264)L52D on an SDS–12% polyacrylamide gel stained with
Coomassie brilliant blue R-250, with only monomeric CP (M) evident.
Lane 2 contains CP(19-264)L52D treated with DSS cross-linker in the
presence of tRNA. Monomeric and dimeric (D) forms of CP(19-
264)L52D are visible. Lane 3 contains CP(19-264)L52D treated with
DSP cross-linker in the presence of tRNA. Lane 4 contains purified
DSS-cross-linked dimers of CP(19-264)L52D. Only dimeric CP is
present. Lane 5 contains samples identical to those of lane 4, but
samples were first treated with b-mercaptoethanol; only dimeric CP is
seen. Lane 6, DSP-cross-linked and purified dimers of CP(19-
264)L52D. Lane 7, b-mercaptoethanol-treated samples identical to
those in lane 6. A small amount of the dimeric form of the CP re-
mained following reduction.
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of SDS to 2% and Triton X-100 to 1% final concentrations in
the PVDF elution buffer eliminated the observed solubility
problems seen with more conventional separation techniques,
but most likely denatured the CP. Partial refolding of the CPs
by removal of SDS was possible, although the bulk of the CP
appeared to be in an inactive form as monitored by nucleic acid
binding competence. Figure 2, lane 4, shows purified dimers of
CP(18-264) cross-linked with DSS. Lane 6 shows the purified
dimers of this protein cross-linked with the reversible reagent
DSP. The dimeric form of CP(81-264) could be completely
separated from contaminating monomeric protein, yielding
only dimeric CP, as assayed by Western blot analysis. Figure 3,
lane 4, presents the partially purified dimer of CP(19-264)
L52D generated with DSS. Lane 6 represents partially purified
DSP-cross-linked dimers. Although CP(19-264)L52D dimers
appear pure at the level of Coomassie brilliant blue R-250
staining (Fig. 3), the dimer of this protein could not be com-
pletely isolated from monomeric CP, but preparations contain-
ing 75 to 90% dimeric CP could be generated. The dimeric
form of both proteins could be completely purified from nu-
cleic acid, as monitored by agarose gel electrophoresis and
ethidium bromide staining (data not shown).

Reversal of cross-linking. The reversal of DSP cross-linking,
by reduction of the internal disulfide of this reagent, was per-
formed by treatment of purified dimers with b-mercaptoetha-
nol. The ability to specifically eliminate the DSP cross-link
allowed for evaluation of the effects of the cross-link on the
oligomerization and assembly of defective CPs. Figures 2 and
3, lanes 5, show the treatment of purified DSS-cross-linked
dimers of CP(18-264) and CP(19-264)L52D with b-mercapto-
ethanol, respectively. No loss of the dimeric form of the CP
was observed, as DSS lacks an internal disulfide. Lanes 7 in
Fig. 2 and 3 show the reversal of DSP-cross-linked dimers with
b-mercaptoethanol. No dimeric form of CP(81-264) remained
after reversal of the cross-link, with only a monomeric form of
CP visible by Coomassie brilliant blue R-250 staining. It should
be noted that trace amounts of CP(81-264) dimer could be
detected after reduction by Western blotting using polyclonal
anti-capsid antisera (corresponding to less than 5% of input
dimer; data not shown). Reversal of CP(19-264)L52D DSP
dimers by reduction led to a partial loss of the dimeric form of
the CP, although the dimer could not be completely convert-
ed to monomeric CP. In all instances, approximately 25% of
CP(19-264)L52D protein remained dimeric. The ability to
cross-link CP and at least partially reverse the cross-link pro-
vided a convenient method to allow analysis of the effect of
cross-linking on the rescue of assembly-defective proteins.

Analysis of cross-linked particle assembly. To determine if
the observed cross-linking of CP(81-264) and CP(19-264)
could rescue the assembly competence of these defective CPs,
in vitro assembly using purified dimers was performed essen-
tially as described previously for wild-type CP(19-264) in vitro
CLP assembly (23). These dimeric protein-only assembly re-
action mixtures were then sedimented on sucrose gradients in
a manner identical to that described previously for the detec-
tion of CP(19-264) CLPs. Gradients were fractionated, sam-
ples were applied to SDS-PAGE gels, and following electro-
phoretic separation, samples were transferred to nitrocellulose
membranes, and Western blotting was performed with anti-
capsid antisera as described in Materials and Methods.

Figure 4 presents Western blot analysis results for CP(81-
264) dimer-only assembly reactions. Gradient fractions in each
of the panels are presented from the top (lane 1) to the bottom
(lane 12) of the gradient. As described previously, authentic
CP(19-264) CLPs sedimented with fractions 6 and 7 under the
conditions utilized for analysis of dimer assembly (23). Figure
4A represents the gradient sedimentation profile of purified
CP(81-264) dimers generated by cross-linking CP with DSS
and incubating without nucleic acid. CP(81-264) dimers re-
mained on the top of the gradient and were distributed in the
first four fractions, indicating that no CLP formation had oc-
curred. Figure 4B represents CP(81-264) dimers incubated
with an equal molar amount of tRNA prior to gradient sedi-
mentation. A peak corresponding to the migration of CP(81-
264) CLPs is present in fractions 5 and 6. Figure 4C shows
treatment of DSS-cross-linked CP(81-264) dimer CLPs iden-

FIG. 4. Gradient sedimentation of cross-linked CP(81-264) dimer
assembly reaction mixtures. In vitro CLP assembly with CP(81-264)
cross-linked dimers and tRNA were assayed by sucrose density gradi-
ent sedimentation followed by fractionation and Western blot analysis.
Numbers across the top of this panel correspond to gradient fractions
presented from top (lane 1) to bottom (lane 12). CLPs generated in
vitro with CP(19-264) and tRNA sedimented with fractions 6 and 7
under these conditions. (A) CP(81-264) DSS-cross-linked dimers. (B)
CP(81-264) cross-linked dimers incubated with equal molar amounts
of tRNA. Sedimentation of CP into the gradient (fractions 5 to 7) is
evident. (C) Sample identical to that in panel B, but treated with
b-mercaptoethanol. (D) CP(81-264) DSP-cross-linked dimers. (E)
CP(81-264) DSP-cross-linked dimers incubated with equal molar
amounts of tRNA. As in panels B and C, sedimentation of CP into the
gradient (fractions 5 to 7) is evident. (F) Samples identical to those in
panel E, but treated with b-mercaptoethanol; no CLP sedimentation
was observed.
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tical to those shown in Fig. 4B with 1% b-mercaptoethanol. As
the DSS reagent did not contain a disulfide, no loss of CLP
sedimentation was observed with these samples. Figure 4D
shows the Western blot analysis of gradient sedimentation of
CP(81-264) dimers cross-linked with DSP. As seen for DSS
dimers of CP(81-264), no CLP migration is evident in this
panel. Figure 4E demonstrates the formation of CLPs by
CP(81-264) cross-linked with DSP when protein samples were
incubated with tRNA. As with CLPs generated by the CP(81-
264) DSS dimers, dimers generated with CP(81-264) plus DSP
sedimented in a position slightly higher than CLPs generated
with CP(19-264). The reversal of cross-linking by treatment of
DSP CP(81-264) dimers is shown in Fig. 4F. Samples identical
to those shown in Fig. 4E were incubated for 30 min in the
presence of 1% b-mercaptoethanol and were analyzed as de-
scribed for samples in the other panels. No CLP sedimentation
in fraction 5 or 6 is evident, suggesting that reversal of the
cross-link leads to disassembly of CLPs of CP(81-264).

Experiments identical to those described above for CP(81-
264) dimers were performed with CP(19-264)L52D dimers,
yielding similar results. Figure 5 presents data for the rescue of
CP(19-264)L52D assembly by cross-linking and the reversal of
this phenotype by the reduction of the labile DSP reagent.
Figure 5A is Western blot data for the sedimentation of CP(19-
264)L52D dimers generated by DSP cross-linking. No sedi-
mentation in the position consistent with CLPs is seen in the
absence of nucleic acid, although the protein does seem to
enter the gradient more than expected for free dimer (Fig. 5A,
lane 5). In Fig. 5B, the sedimentation of CP(19-264)L52D
dimers incubated with tRNA is shown, with CLPs visible in
fractions 6 and 7, as is normally seen for the wild-type CP(19-
264). Figure 5C shows samples identical to those in Fig. 5B, but
samples were treated with 1% b-mercaptoethanol. DSS-cross-
linked dimers of CP(19-264)L52D sedimented in gradients in a

position consistent with CLPs when mixed with tRNA in the
absence and presence of reducing agent (data not shown).
These data suggested that cross-linking of assembly-defective
CPs generated sucrose sedimentation profiles similar to those
produced using wild-type full-length CP following in vitro as-
sembly. Cross-linked samples generated significantly less CLP
formation (approximately 1 to 5% of input protein) than typ-
ical wild-type CP(19-264) assembly reaction mixtures, which
yielded approximately 80 to 90% of input protein assembled
into CLPs (data not shown). The low efficiency of assembly
observed for the cross-linked dimeric proteins compared to
that of normal wild-type assembly reaction mixtures was likely
due to the inefficiency of dimeric protein refolding following
purification.

Analysis of assembly rescued particles by electron micros-
copy. Although the data strongly suggested that CLPs were
formed using dimeric forms of CP(81-264) and CP(19-264)L52D,
negative-stain electron microscopy was utilized to confirm the
presence of small amounts of CLPs in dimer-only assembly
reactions. Figure 6 demonstrates analysis of DSP-cross-linked
rescued particles of CP(81-264) and CP(19-264)L52D, the re-
versal of cross-linking in the particles, and control samples of
wild-type SINV CP(19-264) in vitro-assembled particles. Fig-
ure 6A shows CLPs assembled in vitro using wild-type CP(19-
264) for comparison with dimer-rescued CLPs. Treatment of
these wild-type CLPs with b-mercaptoethanol had no effect on
the particle morphology (Fig. 6B). Figure 6C shows particles
with the size and morphology of wild-type CLPs (compare to
Fig. 6A) assembled from cross-linked CP(81-264) dimers. A
sample identical to the one shown in Fig. 6C, except for being
treated with 1% (final concentration) b-mercaptoethanol, is
shown in Fig. 6D. No particles are visible in this field, with only
large aggregates detectable. Although no particles are seen in
this field, CLPs were occasionally visible in CP(81-264) cross-
link-reversed samples, possibly due to the incomplete reversal
of cross-linking. Figure 6E demonstrates CLPs formed from
cross-linked dimers of CP(19-264)L52D. As seen with CP(81-
264) dimer assembly reaction mixtures (Fig. 6C), particles sim-
ilar to wild-type in vitro-assembled CLPs were clearly visible.
The reversal of the cross-link by reduction of the disulfide with
b-mercaptoethanol eliminated particles from the sample (Fig.
6F). As mentioned for CP(81-264) cross-linking reaction mix-
tures, particles were rarely seen in these reduced samples. No
dimer-only particles were observed without nucleic acid in a
variety of low and high ionic strength buffers (data not shown).

DISCUSSION

Assembly studies using the SINV in vitro assembly system
have suggested the importance of nucleic acid binding in ini-
tiation of the early stages of the core assembly process (23, 27).
Indeed, no particle formation or oligomerization of the CP was
detectable in the absence of nucleic acid. By the examination
of the CP associated with nucleic acid using cross-linking re-
agents, a putative intermediate in the assembly process was
observed (24). A nucleic acid-dependent dimerization of the
CP was identified, and the protein and nucleic acid require-
ments for dimer formation were described. The biological rel-
evance of the nucleic acid-bound dimer of the CP was con-
firmed by the ability of these dimers to incorporate into CLPs

FIG. 5. Gradient sedimentation of cross-linked CP(19-264)L52D
dimer assembly reaction mixtures. In vitro CLP assembly with CP(19-
264)L52D cross-linked dimers and tRNA assayed by sucrose density
gradient sedimentation followed by Western blot analysis. Numbers
across the top of this panel correspond to gradient fractions presented
from top (lane 1) to bottom (lane 12). CLPs generated in vitro with
wild-type CP(19-264) and tRNA sedimented with fractions 6 and 7
under these conditions. (A) CP(19-264)L52D DSP-cross-linked dimers.
(B) CP(19-264)L52D DSP-cross-linked dimers incubated with equal
molar amounts of tRNA. Sedimentation of CP into the gradient (frac-
tions 5 to 7) is evident. (C) Sample identical to that in panel B, but
treated with b-mercaptoethanol; no CLP sedimentation was observed
in this sample.
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during in vitro assembly. Additionally, identical dimers were
detectable in assembled CLPs, indicating that the dimer was
also present in the final product of the NC assembly mecha-
nism. More recently, identical cross-linking of in vivo-isolated
core particles has indicated that the cross-link observed in the
in vitro cores is not an artifact of the system (S. Mukho-
padhyay, M. G. Rossmann, and R. J. Kuhn, unpublished re-
sults). Mapping of the location of the observed cross-link to-
gether with the previous results suggested the location of the
dimer in the assembled NC (24). This allowed for an assembly
model based on the binding of the monomeric CP to nucleic
acid, followed by an oligomerization into intercapsomere dimers
and subsequent polymerization of multiple dimers into an ico-
sahedral core particle.

An interesting observation in the preliminary cross-linking
work was the fact that truncated and mutant CPs capable of
binding nucleic acid, but lacking assembly competence by
themselves, could be cross-linked efficiently into dimers (24).
These CPs, containing deletions or mutations in the N-termi-
nal region (amino acids 1 to 80) of the CP, were capable of
incorporating into CLPs when added to assembly reactions but
were incapable of proceeding along the assembly pathway into
complete CLPs. It was hypothesized that the N-terminal region
of the CP was involved in bridging the intercapsomere space
between the two monomers that compose an intercapsomere
dimer (Fig. 1). The importance of nucleic acid in establishing
this contact was also suggested. Examination of the putative
location of the N-terminal region of CP in the fitted model of
the NC, combined with this putative role of the amino termi-
nus, suggested that the N-terminal region stabilizes the inter-
actions of the intercapsomere dimer, allowing the oligomeriza-
tion of 120 dimers into an icosahedral core particle (3, 24). It
was proposed that truncations of and mutations in this N-

terminal region of the CP were still competent for nucleic acid
binding and subsequent dimer formation, but lacked sufficient
stability to allow oligomerization into a complete NC (24). As
the cross-link previously described lies in the intercapsomere
space and covalently links CPs into an intercapsomere dimer,
it was hypothesized that the presence of the cross-link may
suppress the stability defect in these mutant CPs and lead to
the rescue of assembly of CLPs. To this end, a procedure for
the purification of cross-linked CP(81-264) dimers and the
partial purification of CP(19-264)L52D dimers was developed.
Although the purification procedure developed allowed the
production of dimeric CPs, the protein produced was dena-
tured and required refolding by SDS removal prior to conduct-
ing assembly experiments. It has previously been demonstrated
that CP can be refolded to generate active protein, but the
dimeric protein, containing an 11-Å hydrophobic spacer teth-
ering two unfolded proteins together, cannot be refolded effi-
ciently. Based on monitoring of the nucleic acid binding activ-
ity of purified dimeric protein, the refolding process generated
mostly inactive CP dimers (data not shown). Despite the pro-
duction of mostly inactive dimeric protein, the purification
procedure allowed generation of enough active CP dimers to
ascertain the ability of the cross-link to rescue defective CLP
assembly in vitro. Both purified cross-linked dimers of CP(81-
264) and CP(19-264)L52D were capable of assembling small
amounts of CLPs in vitro. In addition, nonpurified mixtures of
monomeric and dimeric CP(81-264) or CP(19-264)L52D were
capable of assembling CLPs in vitro in the presence of nucleic
acid, but were assembly defective in the absence of cross-
linking. The CLPs rescued from dimeric CPs appeared similar
to wild-type in vitro-assembled CLPs at the level of negative-
stain electron microscopy. However, rescued particles often
appeared to have a slightly smaller diameter than wild-type

FIG. 6. Negative-stain electron microscopy of CLPs generated with cross-linked CPs. (A) In vitro CP(19-264) CLPs demonstrating normal
capsid morphology. (B) CP(19-264) CLPs following treatment with b-mercaptoethanol. (C) CP(81-264) DSP-cross-linked dimer CLPs. (D)
CP(81-264) DSP-cross-linked dimer CLPs identical to those in panel C, but treated with b-mercaptoethanol. (E) CP(19-264)L52D DSP-cross-
linked dimer CLPs. (F) CP(19-264)L52D DSP-cross-linked dimer CLPs identical to those in panel E, but treated with b-mercaptoethanol. All
micrographs are shown at a magnification of 3105,000.
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CLPs, suggesting a defect in the particles possibly due to the
constrained nature of the covalently cross-linked dimer. It is
important to remain cautious in the interpretation of the size
and morphology of particles based solely on negative-stain
electron microscopy. Although rescued CLPs appeared similar
in size and shape to wild-type in vitro CLPs by negative-stain
electron microscopy, no evidence exists that either of these
particles possesses icosahedral symmetry.

Examination of the atomic model of the SINV NC suggests
that the observed cross-linking is likely between pentamers and
hexamers, rather than a hexamer-hexamer contact, as lysine
250 distances are more favorable between pentamers and hex-
amers (10.5 Å for pentamer-hexamer contacts versus 14.7 Å
for hexamer-hexamer contacts) in the model. The assembly of
CLPs entirely from proteins constrained by an 11-Å cross-link
separation may account for the slightly smaller size often ob-
served for the rescued particles as well as the inefficient process
of CLP formation, as the CPs in these particles would have
difficulty making the 14.7-Å contact between hexameric cap-
someres. It should be noted that the distances between cap-
someres in the model represent measurements of a model of
the NC and not an actual atomic structure of the NC. These
measurements, therefore, may not represent actual distances
in the NC and may not provide an explanation for the differ-
ences in particle sizes.

Although inefficient, the rescue of CLP formation for these
CPs has several important implications for the role of the
N-terminal region and the assembly mechanism itself. The
N-terminal 100 amino acids of the CP are poorly conserved
among the alphaviruses. This region is highly charged and has
been hypothesized to be involved in nonspecific nucleic acid
binding in the interior of the NC (3, 25). A short stretch of
uncharged amino acids (residues 38 to 55) interrupts this
charged region and has been proposed to form an a-helix
(helix I) based on modeling of the primary sequence into
helical wheel plots. The presence of two conserved leucine
residues at positions 45 and 52 (SINV amino acid numbering)
suggests that helix I may form a leucine zipper interaction
motif between two CPs (1, 7, 14, 15, 18). Mutation of leucine
52 to aspartic acid [CP(19-264)L52D] eliminated cytoplasmic
NC formation in vivo and abolished in vitro assembly (22).
Based on the present results, the role of helix I may be to
stabilize intercapsomere dimeric interactions following the for-
mation of these dimer intermediates. Mutagenesis of helix I of
the SINV CP has suggested that this region is not absolutely
required for virus viability, but is directly involved in virion
stability, presumably through stabilization of the NC (22). The
ability of cross-linked dimers of CP(19-264)L52D to assemble
CLPs suggests that the physical cross-link overcomes the lack
of stabilization due to disruption of helix-helix interactions by
mutation of the conserved leucine at position 52. This appears
to be similar to the proposed ability of the glycoproteins to
stabilize both SINV and SFV mutant CPs, which do not accu-
mulate stable cytoplasmic NCs, and to allow NC formation at
the plasma membrane (11). The trimeric glycoprotein spikes
make direct contact with three individual CPs in three separate
capsomeres, possibly providing intercapsomere stabilization
similar to the role proposed for helix I and the artificial cross-
link. These data provide the first direct evidence for the role of
the proposed helix I in the assembly and structure of the NC.

It remains to be demonstrated if this region of the CP is indeed
helical and also what specific contacts are made in the assem-
bly of the NC.

The ability of proteins having deletions in their N-terminal
region to assemble into CLPs when present as cross-linked
dimers, as exemplified by CP(81-264), demonstrates that the
cross-link can substitute for the first 80 amino acids. This
suggests that, apart from the helix described above, no abso-
lutely required contacts exist in this region of the CP for or-
dered spherical particle assembly. Previous deletion analysis of
the N-terminal region of SFV had demonstrated that large
portions of the N-terminal region of the CP (individual dele-
tions of amino acids 11 to 29, 11 to 63, and 66 to 78, SFV
numbering) could be deleted without completely eliminating
virus formation in infected cells (12). This is in agreement with
the hypothesis that this region is primarily involved in nonspe-
cific contacts with the viral RNA (3, 25). Despite the deletion
of this RNA interaction region of the CP, no empty CLPs were
observed and no CLP assembly was seen in the absence of
nucleic acid in a variety of high-salt buffers. The exact nucleic
acid composition of CP(81-264) dimer particles remains to be
demonstrated, but the assembly of CLPs from this protein
appears to require the same nucleic acid-to-protein ratio re-
quired for CP(19-264) assembly (23). The N-terminal region of
the CP clearly does have a role in CLP assembly, as truncations
of the protein past amino acid 32 abolish in vitro assembly,
although these truncations may merely eliminate the stabiliza-
tion provided by helix I (23).

The ability to generate CLPs using only cross-linked dimers
has important implications for understanding the mechanism
of assembly. Even with CP(19-264)L52D partially purified
dimer preparations, only dimeric CP is observed in the peak
corresponding to CLPs. The definition of a single dimeric
intermediate severely limits the possible mechanisms of assem-
bly (2, 17). Additional assembly limitations are imposed if the
in vitro-assembled CLP is modeled as an icosahedral lattice
based on observations of the icosahedral nature of the NC in
the mature virion. Although an important component of the
assembly model, the icosahedral nature of the in vitro-assem-
bled CLP remains to be demonstrated experimentally. Despite
these limitations, the presently available data suggest a model
of NC assembly. The current intercapsomere dimer assembly
model places 120 identical dimers into a hypothetical T54
icosahedral lattice, imposing quasi-symmetry on the dimers as
particle assembly progresses. In this model, a dimer is com-
posed of one monomer from each of two adjacent capsomeres
of the particle in a manner described previously (23). This
mechanism of assembly, at least in principle, is similar to that
observed with several small RNA plant viruses, such as cowpea
chlorotic mottle virus (CCMV) (28), in which polymerization
of multiple dimers in an intercapsomeric manner leads to the
assembly of an icosahedral particle. Although the in vitro CLP
is predicted to be a T54 icosahedron, and CCMV is a T53
virion, some similarity in the mechanism of assembly appears
to exist. Both particles are made from dimeric forms of their
respective CPs and appear to assemble using an intercapsom-
eric placement of dimers. In the case of the CCMV, intercap-
somere dimers can form in the absence of nucleic acid,
whereas alphavirus dimers are only observed when bound to
nucleic acid. Preliminary analytical ultracentrifugation experi-
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ments suggest that the SINV CP is at least 95% monomer in
solution at concentrations of up to 2 mg/ml (T. L. Telling-
huisen, J. Burgner, and R. J. Kuhn, unpublished data). The
placement of identical dimers into quasi-symmetrical positions
in the proposed NC icosahedron raises important questions as
to what controls pentamer and hexamer formation (2, 17). For
CCMV, a model based largely on the structure of the virion
has postulated the importance of a hexamer of dimers as an
assembly nucleus, onto which intercapsomere dimers are po-
lymerized to generate a complete particle (28). More recent
work measuring polymerization kinetics by light scattering has
confirmed the polymerization of dimers to complete assembly,
but has suggested a pentamer of dimers as an assembly nucleus
(29). Similarly, hepatitis B virus assembly is believed to pro-
ceed by addition of preformed dimeric assembly intermediates
to a trimeric nucleus (30).

The identification of an assembly nucleus and determination
of how the pentamer and hexamer formation is determined
during dimer addition for the alphavirus NC are important in
further defining the mechanism of particle formation, but
these questions remain unanswered. However, the identifica-
tion of the interesting properties of cross-linked dimers using
assembly-defective CPs has led to new insights and under-
standing of the mechanism for the assembly of the alphavirus
NC.
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