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The production of the alphavirus virion is a multistep event requiring the assembly of the nucleocapsid core
in the cytoplasm and the maturation of the glycoproteins in the endoplasmic reticulum and the Golgi
apparatus. These components associate during the budding process to produce the mature virion. The
nucleocapsid proteins of Sindbis virus and Ross River virus have been produced in a T7-based Escherichia coli
expression system and purified. In the presence of single-stranded but not double-stranded nucleic acid, the
proteins oligomerize in vitro into core-like particles which resemble the native viral nucleocapsid cores. Despite
their similarities, Sindbis virus and Ross River virus capsid proteins do not form mixed core-like particles.
Truncated forms of the Sindbis capsid protein were used to establish amino acid requirements for assembly.
A capsid protein starting at residue 19 [CP(19-264)] was fully competent for in vitro assembly, whereas
proteins with further N-terminal truncations could not support assembly. However, a capsid protein starting
at residue 32 or 81 was able to incorporate into particles in the presence of CP(19-264) or could inhibit
assembly if its molar ratio relative to CP(19-264) was greater than 1:1. This system provides a basis for the

molecular dissection of alphavirus core assembly.

Sindbis virus (SINV) is a member of the Togaviridae family
of enveloped, positive-strand RNA viruses and is the prototype
of the Alphavirus genus (40). The alphavirus virion is approx-
imately 710 A in diameter and consists of four major compo-
nents: the glycoprotein shell, the plasma membrane, the nu-
cleocapsid core (NC), and the genomic RNA (3, 11, 30). The
glycoprotein shell consists of 80 “spikes” arranged in a 7=4
lattice. Each spike is composed of a trimer of heterodimers of
the two glycoproteins, E1 and E2. The glycoprotein spikes
penetrate a host cell-derived plasma membrane and interact
directly with the NC. The NC is a 410- A-diameter T=4 icosa-
hedron consisting of 240 copies of the single nucleocapsid
protein (CP) and a single genomic RNA of approximately
11,000 nucleotides.

The 264-amino-acid SINV CP is produced at the N terminus
of the structural polyprotein, which is translated from a sub-
genomic mRNA (32). The CP cleaves itself from the polypro-
tein cotranslationally by using its endogenous serine protease
activity to produce the mature CP (1, 14, 15). The structure of
the C-terminal domain of the SINV CP, consisting of amino
acids 107 to 264, has been determined to atomic resolution (4,
5). This region of the protein contains the proteinase domain
(residues 114 to 264) and has an overall structure similar to
that of chymotrypsin-like serine proteases. Adjacent to the
proteinase domain is a region implicated in genome RNA
recognition and consisting of amino acids 97 to 113 (12, 29, 43).
The N-terminal 96 residues of the CP are poorly conserved
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among alphaviruses. This region consists of a large number of
basic amino acids and is likely to be involved in nonspecific
interactions with the genome RNA through charge neutraliza-
tion. This region also contains a series of conserved hydropho-
bic and polar residues that are predicted to form an amphi-
pathic « helix (residues 38 to 55) based on modeling of the
primary sequence into a helical wheel plot (13a). The most
striking feature of this putative helix is the presence of two
conserved leucine residues at positions 45 and 52 and arranged
on the same side of the helix. These residues may form an
interaction motif between two CPs, in a manner similar to that
of the large number of characterized leucine zipper proteins.

Attempts at a high-resolution structural solution of a com-
plete alphavirus virion or of the NC by X-ray crystallography
have been largely unsuccessful, due to poor diffraction of all
crystals produced to date (9a, 16). However, cryoelectron mi-
croscopy (cryo-EM) and image reconstructions have provided
a significant amount of data about the structure of the alpha-
virus particle and of the NC (3, 11, 30). The NC consists of a
series of pentameric and hexameric capsomeres that project
~40 A from the core surface. Using a cryo-EM reconstruction
of the related Ross River virus (RRV), Cheng et al. (3) fitted
the atomic structure of monomeric SINV CP into the cryo-EM
density and obtained a unique orientation of the CP in the core
(3). These modeling studies indicated that residues 114 to 264
lie completely within the large surface projections (capso-
meres) seen in the core and are involved in forming and/or
maintaining those capsomeric structures. The results also pre-
dict that residues in the N-terminal region of the CP are in-
volved in intercapsomere contacts, possibly through the pro-
posed N-terminal leucine helix interaction.

The process of NC assembly is poorly understood. It is
known from previous studies that immediately following trans-
lation and proteolysis, the CP is transiently associated with the
large subunit of the ribosome (13, 36). The functional signifi-
cance of this observation for core assembly is unknown; how-
ever, the core has also been shown to associate with ribosomes
upon cell entry, and this association has been suggested to
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facilitate core disassembly (34, 43). Pulse-chase experiments
indicate that within approximately 5 min of synthesis, the CP
binds to genomic RNA and rapidly assembles into NCs (37).
An in vitro assembly system for SINV core-like particles
(CLPs) has been previously established with virus-purified CP
(41). Assembly experiments were conducted in the presence of
high concentrations of salt but were later modified with ionic
conditions similar to those found in the cytoplasm (42). CLPs
produced by these systems with viral genomic RNA closely
resembled cytoplasmic cores purified from infected cells in
size, shape, and composition. Furthermore, it was found that
CLPs could be assembled from a variety of single-stranded
nucleic acids, as well as several other polyanionic substrates.
Although these assembly systems provided the first insights
into the requirements for NC assembly, they had key limita-
tions which hindered elucidation of an assembly pathway. The
most notable of these limitations was the reliance on CP pu-
rified from assembled virus particles, thereby eliminating the
ability to assay CP mutants that were defective in virus pro-
duction. Although extensively investigated in vitro and in vivo,
no specific intermediates in the NC assembly process have
been identified (40).

We report a heterologous protein expression system, based
in Escherichia coli, for the expression and purification of large
quantities of the SINV CP from amino acid residues 19 to 264.
An in vitro NC assembly system that uses the E. coli-expressed
SINV CP and nucleic acid substrates is described. A similar
expression, purification, and assembly system is also described
for RRV. These in vitro systems are used to examine the
nucleic acid requirements for assembly, to examine the regions
of the SINV CP required for assembly, and to demonstrate the
specificity of protein-protein and protein-nucleic acid interac-
tions involved in core assembly.

MATERIALS AND METHODS

SINV CP cloning, expression, and purification. CP cloning was performed
with the pSBetB vector kindly provided by Ralf Mattes; this vector provides the
E. coli argU gene for suppression of rare arginine codon usage (33). Two DNA
oligonucleotides were synthesized to amplify the coding sequence (amino acid
residues 1 to 264) of the SINV CP from the parental virus cDNA clone pToto64
(29). The 5’ oligonucleotide contained an Ndel restriction site spanning the
capsid protein AUG start codon and additional overlapping nucleotides. The 3’
oligonucleotide was generated to produce a UAG termination codon immedi-
ately following the ultimate W264 residue, followed by a BamHI restriction site.
Following DNA amplification with Pfu polymerase (Stratagene, La Jolla, Calif.),
the product was digested with Ndel and BamHI and ligated into a similarly
digested pSBetB vector. All cloning was carried out with E. coli MC1061. Positive
clones were confirmed by restriction endonuclease digestion and DNA sequence
analysis of the CP open reading frame and transformed into E. coli BL21(DE3)
for protein expression. Initial protein expression and purification generated two
copurifying capsid proteins. N-terminal protein sequencing was used to identify
these proteins as amino acids 9 to 264 [CP(9-264)] and 19 to 264 [CP(19-264)]
of the SINV CP. Attempts at preventing the degradation of the full-length
protein to these CP fragments by use of a variety of protease inhibitors were not
successful. Fast protein liquid chromatography (FPLC) elution gradients were
optimized to separate the two CP species; the bulk of the purification yielded
CP(19-264), with smaller yields of CP(9-264). In all instances, these CP species
could be completely separated during purification.

For large-scale expression of CP(19-264), 1 liter of cells was grown in Luria-
Bertani medium at 37°C with agitation until an A4, of 0.4 was reached, at which
time the cells were induced with 1 mM (final concentration) isopropyl-B-p-
thiogalactopyranoside (Inalco Pharmaceuticals, Milano, Italy). Following induc-
tion, cells were shifted to 28°C with agitation for 8 h to allow for maximal protein
expression. The cells were pelleted in a GSA rotor (Sorvall, Wilmington, Del.) at
5,000 rpm for 10 min and resuspended in 20 ml of buffer A (100 mM NaH,PO,
[pH 6.8], 500 mM NaCl, 5 mM EDTA, 5% [vol/vol] glycerol) prior to lysis by two
passages through a cold French pressure cell (SLM-Aminco, Urbana, IIl.) at
12,000 1b/in?. Unlysed cells and insoluble material were removed by centrifuga-
tion for 30 min at 14,000 rpm in an SS-34 rotor (Sorvall) at 4°C. The clarified cell
lysate was loaded onto a Source 15S 10/10 (8.5-ml bed volume) FPLC column
(Pharmacia Biotech, Uppsala, Sweden) equilibrated with buffer A. A linear salt
gradient made from buffer A and buffer B (100 mM NaH,PO, [pH 6.8], 2 M
NaCl, 5 mM EDTA, 5% [vol/vol] glycerol) was used to elute the protein. Frac-
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tions containing CP were eluted at ~1.1 M NaCl, concentrated with Cen-
triprep-10 centrifugal concentrators (Amicon, Beverly, Mass.) at 4°C in an SS-34
rotor at 5,000 rpm, and exchanged into buffer C (25 mM HEPES [pH 7.4], 100
mM potassium acetate, 1.7 mM magnesium acetate). Concentrated proteins
were applied to a Superdex 75 10/30 FPLC column (24-ml bed volume) (Phar-
macia Biotech), and size exclusion chromatography was performed with buffer C.
Protein purity was assessed by silver stain sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis (PAGE) and found to be greater than 95%.
Analysis of the purified protein on a Superdex 75 10/30 column with buffer C
generated a single symmetric peak. Typical yields of CP(19-264) were approxi-
mately 4 to 10 mg/liter of cell culture. Truncated forms of CP were purified by a
similar methodology or by previously published purification procedures, resulting
in similar yields and purity (4). The truncations consisted of amino acids 32 to
264, 81 to 264, 106 to 264, and 114 to 264 of the SINV CP (Fig. 1A). All protein
concentrations reported were determined by the Bio-Rad (Hercules, Calif.)
protein assay.

RRV CP cloning, expression, and purification. RRV CP cloning was per-
formed essentially as described for SINV CP (21). Expression and test purifica-
tion generated a single protein, which was identified as the RRV CP by N-
terminal protein sequencing. For large-scale expression of RRV CP, 1 liter of
cells was grown in Luria-Bertani medium at 37°C with agitation until an A, of
0.8 was reached, at which time the cells were induced with 0.5 mM (final
concentration) isopropyl-B-p-thiogalactopyranoside and allowed to grow for 8 h
at 37°C. The cells were pelleted in a GSA rotor at 5,000 rpm for 10 min,
resuspended in 20 ml of buffer D (100 mM NaH,PO, [pH 6.8], 100 mM NaCl,
5 mM EDTA, 5% [vol/vol] glycerol), and lysed by two passages through a cold
French pressure cell at 12,000 1b/in”. Insoluble material was removed by centrif-
ugation for 30 min at 14,000 rpm in an SS-34 rotor at 4°C. The clarified cell lysate
was loaded onto a Mono-S 5/5 (1-ml bed volume) FPLC column (Pharmacia
Biotech) equilibrated with buffer D and eluted with a linear salt gradient of 100
mM to 2 M NaCl in buffer B. Fractions containing CP were concentrated with
Centriprep-10 concentrators at 4°C in an SS-34 rotor at 4,000 rpm and exchanged
into buffer C. Protein purity was assessed by silver stain SDS-PAGE and found
to be greater than 90%. Typical yields of RRV CP(1-270) were approximately 8
to 12 mg/liter of cell culture.

In vitro assembly assays. In vitro assembly assays were performed with puri-
fied SINV CP(19-264) and a nonspecific synthetic DNA oligonucleotide consist-
ing of 48 bases (Fig. 1B). Equal volumes of prewarmed CP (400 pg/ml in buffer
C) and oligonucleotide (240 pg/ml in buffer C) were mixed at 30°C and incubated
for 30 min. Assembly reaction volumes were typically 100 wl. RRV assembly
assays were performed under identical conditions. Assembly reactions with trun-
cated forms of CP and other nucleic acid substrates were carried out in a similar
fashion. Truncated oligonucleotides were synthetic DNA oligonucleotides com-
prising 3’-end truncations of the standard 48-base oligonucleotide used to es-
tablish the in vitro assembly systems (Fig. 1B). RNA assembly reaction substrates
consisted of commercial preparations of ultrapure yeast tRNA (Bochringer
Mannheim Biochemicals, Indianapolis, Ind.) or DNase-treated and purified in
vitro transcripts of SINV genomic RNA from the full-length cDNA clone
pToto64 (31). Viral RNAs were generated with and without a 5’ cap structure,
and these two RNA species were analyzed separately.

Gradient assembly assay. Following assembly, the presence of CLPs was
assayed by sucrose gradient sedimentation. Assembly reaction mixtures (100 wl)
were loaded onto 12-ml 25% freeze-thaw sucrose gradients prepared with buffer
C. The samples were centrifuged at 4°C in an SW-41 rotor (Beckman, Palo Alto,
Calif.) for 105 min at 38,000 rpm. Following sedimentation, gradients were
fractionated into 1-ml samples for further assay.

For Western blot analysis, gradient fractions were separated by SDS-PAGE
and transferred to nitrocellulose membranes. The membranes were exposed to a
polyclonal anticapsid rabbit antibody and then to a secondary anti-rabbit goat
immunoglobulin G antibody conjugated with horseradish peroxidase (Sigma, St.
Louis, Mo.). Blots were subjected to chemoluminescence detection with an ECL
kit (Amersham, Piscataway, N.J.) and exposed to X-ray film. Alternatively, sam-
ples were examined by an enzyme-linked immunosorbent assay with the poly-
clonal anticapsid rabbit antibody and the secondary anti-rabbit goat immuno-
globulin G antibody conjugated with horseradish peroxidase.

Electron microscopy. Following assembly and gradient sedimentation purifi-
cation of CLPs, 3.5 pl of sample was placed on a prewashed, glow-discharged,
400-mesh copper grid coated with Formvar and carbon. Following 2 min of
sample absorption and extensive washing with water, 7 pl 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 EM300 electron microscope with an
acceleration voltage of 60 kV at a magnification of X45,000. Images were cap-
tured on Kodak SO-163 EM film. Cytoplasmic and viral NCs were purified as
previously described and prepared for microscopy as described above (29).

Agarose gel assembly assay. Following assembly, CLPs were subjected to an
electrophoretic mobility assay with agarose gels (17, 23). Assembled particles
were electrophoresed at 120 V (constant voltage) on 0.8% agarose (wt/vol) gels
in Tris-acetate (100 mM Tris [pH 8.1], 1.25 mM sodium acetate, 1 mM EDTA)
electrophoresis buffer in the presence of ethidium bromide (5 wg/ml). Nucleic
acid was directly visualized on a short-wavelength UV transilluminator; it has an
altered mobility if packaged within a core particle. Additionally, gels were fixed
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A Construct

Diagram

106-264

114-264

1 38 55 97-106 114 264
9 38 55 97-106 114 264

19 38 55 97-106 114 264

32 55 7-106 114 264

81-264 N

Oligonucleotide

Sequence

18 CCGTTAATGCATGTCGAG

16 CCGTTAATGCATGTCG
14 CCGTTAATGCATGT
12 CCGTTAATGCAT

6 CCGTTA

48 CCGTTAATGCATGTCGAGATATAAAGCATAAGGGACATGCATTAACGG

FIG. 1. Schematic of SINV capsid constructs and synthetic DNA oligonucleotides used in the in vitro assembly studies. (A) Schematic of virus-encoded CP(1-264),
E. coli-expressed and purified CP(9-264) and CP(19-264), and E. coli-expressed truncated CP(32-264), CP(81-264), CP(106-264), and CP(114-264). Important regions
of the CP are indicated. These regions include the large blocks of positively charged residues at the amino terminus (residues 1 to 32 and 55 to 97; plus signs), the
putative N-terminal « helix (residues 38 to 55; black bars), the specific RNA binding region (residues 97 to 106; hatched bars), and the serine protease region (residues
114 to 264; gray bars). All numbering corresponds to amino acids of the SINV CP. (B) Sequences of oligonucleotides used in assembly and minimum-length-
requirement studies. The 48-base oligonucleotide is the standard assembly oligonucleotide. All sequences are shown 5’ to 3.

in 40% (vol/vol) methanol with 10% (vol/vol) acetic acid, dried under vacuum,
and stained with Coomassie brilliant blue R-250. Protein bands were visualized
following a brief destaining in distilled water. The positions of assembled CLPs
were determined by direct comparison with both unassembled CP and assembled
CLPs that had been purified and examined by electron microscopy.

Truncated CP incorporation and inhibition assays. Inhibition and incorpora-
tion of truncated forms of CP in core assembly reactions were performed under
standard assembly reaction conditions. Briefly, CP(19-264) (final concentration,
400 pwg/ml) and an increasing amount of truncated CP were mixed at 30°C in a
total volume of 50 pl. Typically, the molar ratio of truncated CP to CP(19-264)
varied from 0.1:1 to 40:1. The standard 48-base assembly oligonucleotide was
then added at 240 pg/ml in a volume of 50 pl of buffer C. Samples were mixed
thoroughly, incubated at 30°C for 30 min, and analyzed by the agarose gel
assembly assay and gradient sedimentation-Western blotting.

Heterologous virus core assembly. Heterologous mixed core assembly reac-
tions were performed as a modification of the standard in vitro core assembly
assays. Purified SINV CP and purified RRV CP were mixed to yield a final
concentration of 400 pg/ml of each protein in buffer C. The standard 48-base
assembly oligonucleotide was added to a final concentration of 240 pg/ml in a
total reaction volume of 100 pl. Reactions were incubated for 30 min at 30°C and
analyzed by the agarose gel assembly assay.

RESULTS

Protein expression and purification. To establish an in vitro
core assembly system, it was necessary to generate large quan-
tities of wild-type CP. As was previously demonstrated, wild-

type protein could be purified from virus particles, but this
process represented a significant expenditure in time, effort,
and materials (41). In addition, analysis of capsid mutants
would be hindered if their replication efficiency were reduced
compared with that of the wild-type virus. Therefore, the de-
velopment of an E. coli-based expression system for the CP was
a necessary prerequisite for the production of an in vitro as-
sembly system that would be amenable to both biochemical
and genetic manipulations.

Prokaryotic expression of CP initiating upstream of amino
acid 81 has been impossible to produce in standard E. coli-
based expression systems, most likely due to the multiple use of
rare AGA and AGG arginine codons in the first 80 amino acids
of the protein (data not shown). To overcome this problem,
which is common for many eukaryotic proteins expressed in
E. coli, a specialized expression system utilizing the pSBetB
vector for the suppression of rare arginine codons was devel-
oped by Schenk and colleagues (33). This system allowed the
production of several milligrams of CP per liter of bacterial
culture, whereas earlier attempts at production of the protein
with standard pET vectors failed to produce detectable pro-
tein, as assayed by Western blotting. However, SINV CP ex-
pression was found only at temperatures below 30°C. The
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expressed CP was found to have a narrow range of solubility in
the initial cell lysates, with buffer A (see Materials and Meth-
ods) being an optimum buffer for lysis and initial chromato-
graphic separations. With the purification method described
above, quantities of 4 to 10 mg of SINV CP per ml could be
produced at greater than 95% purity. Similar results were
obtained with a modification of the SINV CP purification con-
ditions for RRV CP. Typical yields of 8 to 10 mg of pure RRV
CP per liter of cell culture were obtained.

Two SINV CPs were identified during the initial purifica-
tion. The larger protein was identified by N-terminal protein
sequencing as the CP starting at residue 9, the result of a
cryptic Shine-Dalgarno translation initiation site. The second,
smaller protein began at residue 19, as determined by N-ter-
minal protein sequencing, and was probably generated by pro-
teolysis during purification. With the purification strategy
described above, it was possible to purify CP(19-264) indepen-
dent of CP(9-264). For RRYV, a single species, corresponding
to the complete 270-amino-acid CP, was purified.

The E. coli-expressed CPs of SINV and RRV were examined
for their oligomeric state following purification. Numerous
crystallographic studies of the SINV CP have been carried out;
the predominant form of the protein has been found as a dimer
within the crystal (4, 5, 24). Although this crystallographic
dimer was not observed by cryo-EM of native virions, many
other viruses utilize structural protein dimers as building
blocks (38, 39). Therefore, purified CPs were examined by
analytical ultracentrifugation, gel permeation chromatography,
and chemical cross-linking analyses. In all cases, only mono-
meric forms of the SINV and RRV CPs were found.

In vitro assembly system. An in vitro assembly system based
in part on the earlier in vitro assembly system developed with
CP from disrupted virus particles (41) was developed with the
E. coli-expressed protein and a variety of nucleic acid sub-
strates. The establishment of assays that allowed for the de-
tection of core assembly was necessary, since the original core
assembly assays were performed by negative-stain electron mi-
croscopy, thereby requiring fairly large amounts of cores for
detection. Sucrose gradient sedimentation analysis was initially
used for the isolation of in vitro-assembled CLPs. Following
centrifugation, an opaque band corresponding to assembled
CLPs was present in reactions containing nucleic acid and
protein. This band was not present when nucleic acid or pro-
tein was sedimented under identical conditions. Western blot
analysis of gradient fractions with polyclonal anticapsid anti-
body indicated that CP sedimented with the opaque band when
nucleic acid was present in assembly reactions and remained at
the top of the gradient in reactions without nucleic acid. Its
position in the gradient was consistent with the mobility of
virus-isolated cores centrifuged under identical conditions. An
example of an assembly reaction followed by gradient and
Western blot analyses is shown in Fig. 2A. Electron micro-
scopic analysis of the opaque band (Fig. 2A, fractions 7 and 8)
by negative staining indicated the presence of CLPs (data not
shown). At the bottom of the gradient, in fractions 11 and 12,
there was also a significant amount of CP. However, in this
case, electron microscopic analysis suggested the presence of
CP aggregates with no CLPs present.

Large amounts of assembled CLPs could be produced with
a wide range of protein and nucleic acid concentrations in a
variety of assembly buffers at a neutral pH. Optimum assembly
conditions were determined by examining the relative levels of
core production and were found to be approximately 400 g of
CP per ml mixed with an equal volume of a 48-base nonspecific
oligonucleotide at 120 to 250 pg/ml. Assembly was found to
occur rapidly, with assembled CLPs detectable only a few min-
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utes after mixing of the assembly components. Assembly reac-
tion volumes from 10 to 400 wl were found to generate CLPs,
with larger reaction volumes producing primarily large aggre-
gates of protein and nucleic acid. Assembly reaction compo-
nent concentrations could be varied extensively to produce
larger or smaller amounts of particles, as long as the overall
protein/nucleic acid ratio in the reaction remained constant.
Assembly reaction concentrations of CP from 50 pg/ml to 5
mg/ml, the highest and lowest levels tested, were capable of
producing core-like particles. Assembly was found to occur at
4, 25, 30, and 37°C. Both SINV and RRV CPs behaved in a
similar manner, and particle assembly conditions were identi-
cal.

Agarose gel assay for core formation. A more rapid assay for
the detection of CLP formation was required to allow future
assays of large numbers of mutant or truncated CPs. To fill this
need, an agarose gel assay based on assembly studies per-
formed for bacteriophages and small RNA plant viruses was
developed to detect in vitro core assembly (17, 23). Following
assembly, CLPs were subjected to an electrophoretic mobility
assay with agarose gels. Assembled particles were electropho-
resed on 0.8% agarose gels in Tris-acetate electrophoresis
buffer in the presence of ethidium bromide (Fig. 2B). The
mobility of the assembled NC in the gel system was determined
by direct comparison with oligonucleotide alone and assem-
bled CLPs which had previously been purified and examined by
electron microscopy (Fig. 2D). Additionally, these agarose gels
were fixed in 40% (vol/vol) methanol with 10% (vol/vol) acetic
acid, dried under vacuum, and then stained with Coomassie
brilliant blue R-250. The protein bands were visualized follow-
ing brief destaining of the gel in distilled water (Fig. 2C). The
mobility of the NC was determined by direct comparison with
both unassembled CP and purified CLPs that had previously
been examined by electron microscopy. In all instances, CP
and nucleic acid present as assembled cores comigrated in the
agarose gel assay and had a migration quite distinct from that
of oligonucleotide or protein alone, thereby allowing for rapid
determination of in vitro assembly experiment results.

Electron microscopy of native and in vitro-assembled NCs.
Negative-stain electron microscopy of in vitro-assembled DNA
and RNA CLPs and purified viral and cytoplasmic cores was
performed to confirm that the overall size and morphology of
in vitro-assembled particles were similar to those of both cy-
toplasmic cores and cores isolated from virus. Figure 3 shows
the negative-stain electron micrographs of these core particles
and demonstrates that all of the cores have approximately the
same size, shape, and general appearance, suggesting that in
vitro-assembled CLPs are similar in appearance to native core
particles. A slight size difference was seen between the viral
and cytoplasmic cores and the in vitro-assembled particles.
This difference was seen only in negative-stain electron micros-
copy, not in cryo-EM (data not shown), and suggests a staining
artifact similar to that observed with Aura virus (46). When
negative-stain electron microscopy and cryo-EM results for the
various core preparations were examined, no visible size or
morphology differences could be detected among the particles,
suggesting the CLPs are very similar to native viral cores.

Nucleic acid requirements for in vitro core assembly. It was
previously shown that in vitro core assembly with virus-purified
CP could be performed with viral RNA, tRNA, single-stranded
DNA, and synthetic polyanions (41). To examine the nucleic
acid requirements for in vitro core assembly with the E. coli-
based CP assembly system, a series of nucleic acids were as-
sayed for the ability to serve as substrates for core assembly.
Table 1 provides a summary of the various nucleic acids tested
in the in vitro core assembly assay. Assembly reactions were
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FIG. 2. Analysis and detection of in vitro-assembled core particles. (A) In vitro core assembly with SINV CP(19-264) and the 48-base assembly oligonucleotide
(Oligo) assayed by sucrose density gradient sedimentation followed by fractionation and Western blot analysis. The top gel represents assembly reactions performed
without nucleic acid. The bottom gel represents assembly reactions containing both protein and nucleic acid. A peak in the lower gel gradient can be clearly seen in
fractions 6 to 8. Numbers across the top correspond to gradient fractions from top (1) to bottom (12). (B) Agarose gel assay analysis of in vitro core assembly reactions
stained for nucleic acid with ethidium bromide. First lane, purified in vitro-assembled CLPs from fraction 7 of the oligonucleotide-protein gel from panel A. Core (C)
migration from the origin of electrophoresis (W) is indicated. Second lane, CP(19-264) alone; therefore no nucleic acid is apparent. Third lane, electrophoretic mobility
of the 48-base assembly oligonucleotide alone (O). Fourth lane, standard in vitro assembly reaction with CP(19-264) and the 48-base oligonucleotide without
purification or concentration. Both unincorporated oligonucleotide (O) and assembled core particles (C) are seen. The migration of core particles is identical to that
of purified core particles in the first lane. (C) Agarose gel assembly reactions stained for protein with Coomassie brilliant blue R-250 stain. Lanes are identical to those
in panel B. Note that cores in the first and fourth lanes contain protein which comigrates with nucleic acid incorporated in cores (B). CP alone (second lane) migrates
in the direction opposite that of the CLPs from the origin of electrophoresis (W). (D) Uranyl acetate negative-stain electron micrograph of CLPs used in the first lanes

of panels B and C. Magnification, X45,000.

to generate CLPs. Viral RNA was found to serve as a substrate
for in vitro core assembly and was specifically encapsidated
when present in a mixture with tRNA or single-stranded DNA
staining of the various lengths and types of nucleic acids by oligonucleotides (data not shown). The presence of a 5’ cap
ethidium bromide in the agarose gel assay. structure had no measurable effect on core assembly or the

To demonstrate that CLPs containing SINV genomic RNA specificity of encapsidation. Both capped and uncapped viral
could be produced, RNA was synthesized by in vitro transcrip- RNAs were found to generate CLPs at an optimum molar ratio
tion of a full-length cDNA clone, pToto64 (29). Viral RNA of 400 proteins per RNA (Table 2). Yeast tRNA was also
with and without a 5’ cap structure was assayed for the ability found to serve as a substrate for in vitro CLP formation at

monitored by a combination of electron microscopy, agarose
gel assay, and sucrose gradient-Western blot analysis in order
to prevent any misinterpretation of results due to differential
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FIG. 3. Negative-stain electron microscopy of SINV cores from in vivo and in vitro sources. (A) SINV cores isolated from purified wild-type Sindbis virions. (B)
SINV core purified from the cytoplasm of infected BHK-21 cells. (C) In vitro-assembled SINV cores generated from CP(19-264) and the 48-base oligonucleotide. (D)
In vitro-assembled SINV cores generated from CP(19-264) and viral genomic RNA. All electron micrographs were prepared as described in Materials and Methods

and are presented at a magnification of X45,000.

capsid/nucleic acid molar ratios similar to those for the stan-
dard single-stranded DNA oligonucleotide, suggesting that
both virus-specific RNA and nonspecific RNA could generate
CLPs (Table 1).

To determine if a minimum size of single-stranded DNA

oligonucleotide was required for in vitro core assembly, syn-
thetic DNA oligonucleotides composed of 3’ truncations of the
standard 48-mer assembly oligonucleotide were generated in
the following sizes: 18, 16, 14, 12, and 6 nucleotides (see Fig.
1B for their sequences). Assembly reactions were performed

TABLE 1. Nucleic acid requirements for assembly

Nucleic acid” Type® Size Assembly tt/ls(t)elz?jr (l;t;\?)s( OF;:S:) u?;,_E;!ar
48-nt oligo” ssDNA 48 nt Yes 10:1-1:10 2:1
18-nt oligo ssDNA 18 nt Yes 10:1-1:20 1:1
16-nt oligo ssDNA 16 nt Yes 10:1-1:20 1:4
14-nt oligo ssDNA 14 nt Yes 10:1-1:20 1:20
12-nt oligo ssDNA 12 nt No 10:1-1:20
6-nt oligo ssDNA 6 nt No 10:1-1:20
77-nt oligo 1 ssDNA 77 nt Yes 10:1-1:10 2:1
77-nt oligo 2 ssDNA 77 nt Yes 10:1-1:10 2:1
Oligo 1 + oligo 2 dsDNA 77 bp No 20:1-1:20
PCR A dsDNA 132 bp No 10:1-1:10
PCR B dsDNA 900 bp No 1:100-1:1,000
Plasmid dsDNA 4,400 bp No 1:100-1:1,000
tRNA sSRNA 81 nt Yes 10:1-1:10 2:1
VvRNA (no cap) ssRNA 11,704 nt Yes 1,000:1-0.1:1 400:1
VRNA (cap) ssRNA 11,704 nt Yes 1,000:1-0.1:1 400:1
None No

¢ nt, nucleotide; oligo, oligonucleotide; PCR A, 132-bp double-stranded DNA fragment; PCR B, 900-bp double-stranded DNA fragment; vVRNA, viral RNA.

bss, single stranded; ds, double stranded.
¢ Molar ratios are given as moles of protein (P):moles of nucleic acid (N).
 Standard assembly oligonucleotide.
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TABLE 2. Protein/nucleic acid ratios used in assembly

Sample xglgf Assembly
48-base oligonucleotide 20:1 No
10:1 No
2:1 Yes”
1:1 Yes
0.1:1 Yes (few)
0.01:1 No
Genomic RNA >1,000:1 No
1,000:1 Yes
500:1 Yes
400:1 Yes”
200:1 Yes (few)
100:1 No

“ Protein:DNA oligonucleotide for the 48-base oligonucleotide and protein:
RNA for genomic RNA.
> Under the optimum assembly conditions for the indicated nucleic acid.

with these oligonucleotides at concentrations (240 pg/ml) or
molar amounts (0.656 nmol/100-pl reaction) equal to those of
the standard 48-mer control oligonucleotide, as well as a range
of molar ratios of protein to nucleic acid of 10:1 to 1:20 (Table
1). It was found that 18-, 16-, and 14-base oligonucleotides
were acceptable for assembling CLPs with optimum molar
ratios of protein to nucleic acid of 1:1, 1:4, and 1:20, respec-
tively, whereas the 12-mer and 6-mer oligonucleotides could
not serve as substrates for CLP assembly at any ratios tested.
The minimum size of single-stranded DNA oligonucleotide
needed for detectable in vitro core assembly was found to be 14
nucleotides, and higher concentrations of shorter oligonucle-
otides were required for CLP assembly (16-mer and 14-mer
oligonucleotides required greater than 1 mg/ml for assembly
under standard conditions).

The ability of double-stranded DNA to incorporate into
CLPs was examined with a set of complementary 77-base oli-
gonucleotides which were annealed and incubated with CP(19-
264) (400 pg/ml) over a range of concentrations (50 pg/ml to
1 mg/ml) corresponding to molar ratios of protein to nucleic
acid of 10:1 to 1:10. No core formation was detected under any
conditions assayed with the 77-bp double-stranded DNA frag-
ment. Each of the two 77-base oligonucleotides at 240 pg/ml
was competent for in vitro assembly under standard conditions
when assayed independently as single-stranded DNA (Table
1). In order to further investigate the ability of double-stranded
DNA to serve as a substrate for core assembly, both linear and
circular double-stranded DNAs were assayed for CLP forma-
tion. A linear DNA fragment of 900 bp was assayed over a
broad concentration range and found unable to form CLPs
under any conditions assayed. A 132-bp PCR product assayed
at molar ratios of 10:1 to 1:10 (protein to nucleic acid) was also
found unable to generate CLPs in vitro. Similar negative as-
sembly results were obtained with a circular plasmid DNA of
4,401 bp. Under no circumstances were CLPs detected when
double-stranded DNA was used as a nucleic acid substrate for
core assembly.

Attempts were also made to assemble CLPs in the absence
of nucleic acid. Various buffers as well as a range of salt
concentrations failed to produce any macromolecule that had
a mobility similar to that of nucleic acid-containing CLPs in
either the agarose gel assay or the sucrose centrifugation assay.
In addition, electron microscopic analysis of nucleic acid-free
assembly reactions failed to detect any CLPs or possible as-
sembly intermediates.

ALPHAVIRUS IN VITRO ASSEMBLY 5315

8 &

.8 .8
& & 5 & 5 & 5 &
3 § o 3 3 & °©
Ezlg*'gz&n__*
808 2 % o3 % o: ¢
z & 2z z z 2z & 2 :z ¢
s O ®» » & ®» ©O0 ®»w w

]

2 3 4 s

Ethidium bromide

Coomassie Blue

FIG. 4. Heterologous in vitro core assembly. (A) Ethidium bromide-stained
agarose gel of proteins only (lane 1), the 48-mer standard oligonucleotide
(Oligo) only (lane 2), SINV assembly reaction (lane 3), RRV and SINV mixed
assembly reaction (lane 4), and RRV assembly reaction (lane 5). The electro-
phoretic mobility of each species is indicated: O, oligonucleotide; S, SINV CLP;
R, RRV CLP; W, origin of electrophoresis. Due to the difference in the migra-
tions of SINV and RRV assembled CLPs, these species can readily be identified
in mixed-protein experiments (compare lane 4 with the appropriate controls
(lanes 3 and 5). (B) Gel from panel A stained with Coomassie brilliant blue
R-250. No mixed particles (as shown by altered mobility) are detectable by
protein staining or Western blotting (data not shown).

Virus-specific capsid assembly reactions. Several previous
studies had demonstrated the flexibility of alphaviruses in uti-
lizing structural and nonstructural proteins from more than
one virus via recombinant heterotypic genomes (20, 26, 35, 44,
45). Chimeric viruses which exchanged the nonstructural and
structural proteins, the capsid and the glycoproteins, and the
individual glycoproteins were rescued. With the in vitro assem-
bly system, it was possible to examine the specific nature of
interactions involved in CP contacts within the assembly pro-
cess by use of a mixture of purified viral CPs from SINV and
RRYV, thus determining whether phenotypically mixed parti-
cles could be formed in vitro. SINV and RRV CPs were mixed
and added to the standard assembly oligonucleotide. In vitro-
assembled CLPs of SINV and RRV migrated differently in the
agarose gel assembly assay (Fig. 4), thereby allowing easy dis-
crimination of CLP assembly in the gel assay during mixed-CP
experiments. Mixed-protein assembly reactions failed to gen-
erate any detectable intermediate species with migration in the
gel assay between those of SINV and RRV cores and repre-
senting a heterogeneous particle containing both species of CP
(Fig. 4). In addition, immunoblotting of the agarose gel with an
anticapsid antibody against the SINV CP which recognizes
both SINV and RRV CPs failed to detect any intermediate
species indicative of a mixed particle.

In vitro assembly with truncated CPs. To address which
regions of the CP of SINV were required for in vitro core
assembly, a series of N-terminal truncations of the CP were
cloned, expressed, purified, and examined for CLP formation.
Assembly reactions were assayed by electron microscopy, an
agarose gel assay, and gradient sedimentation Western blot
assays. The proteins expressed are diagrammed in Fig. 1 and
consist of amino acids 32 to 264, 81 to 264, 106 to 264, and 114
to 264. Additionally, small amounts of CP(9-264) were puri-
fied and assayed. The results of assembly assays with the trun-
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TABLE 3. In vitro assembly with truncated capsid proteins

Capsid protein Assembly Incorporation” Inhibition?
CP(9-264) Yes

CP(19-264) Yes

CP(32-264) No Yes Yes
CP(81-264) No Yes Yes
CP(106-264) No No No
CP(114-264) No No No

“ Determined in the presence of CP(19-264).

cated CP fragments are summarized in Table 3. CP(9-264) and
the standard CP(19-264) were capable of generating CLPs in
vitro when mixed with the 48-mer assembly oligonucleotide
under standard reaction conditions. CP(32-264) did not as-
semble CLPs under standard assembly conditions or over a
broad range of nucleic acid and protein concentrations (50
pg/ml to 1 mg/ml for protein and 50 pg/ml to 5 mg/ml for the
48-mer oligonucleotide). CP(81-264) has a deletion of the
entire charged N-terminal portion of the CP and the putative
N-terminal helix region. This construct was found to bind nu-
cleic acid, as evidenced by band shifting of oligonucleotides in
an agarose gel assembly assay (data not shown), but did not
generate CLPs in vitro [the concentration ranges assayed were
identical to those for CP(32-264)]. CP(106-264), which lacks
the specific RNA binding capability found in CP(81-264), also
failed to assemble CLPs in vitro. In addition, CLPs could not
be generated with CP(114-264), which lacks both specific nu-
cleic acid binding and protein-protein contact regions observed
between monomers in crystal structures. Therefore, N-termi-
nal truncations of CP past amino acid 19 do not permit the
assembly of CLPs in vitro.

Incorporation of truncated proteins into core particles. As
none of the CP truncations past amino acid 19 were capable of
generating CLPs in vitro, although some had nucleic acid bind-
ing competence, the ability of these proteins to incorporate
into particles during core assembly with CP(19-264) was in-
vestigated. Although the truncations may not be competent to
complete the entire assembly process, many of the larger cap-
sid proteins may still retain regions of the CP required to
incorporate into core particles. Incorporation and identifica-
tion of full-length and truncated proteins were assayed by both
gradient sedimentation and an agarose gel assay followed by
Western blot analysis. The small CP constructs, CP(114-264)
and CP(106-264), were incapable of incorporating into core
particles (Table 3). The larger CP constructs, CP(81-264) and
CP(32-264), were capable of incorporating into CLPs when
mixed with CP(19-264) at a molar ratio of 1:1 or less in the
presence of the 48-mer assembly oligonucleotide. In Fig. 5,
increased levels of CLP assembly in the presence of CP(81-
264) are evidenced by increased levels of the CLP band (lanes
2 and 3). When the assembly products shown in lane 3 were
analyzed by sucrose density centrifugation and Western blot-
ting, the results indicated that the cores contained both CP(19-
264) and CP(81-264) and demonstrated that the truncated
protein could be incorporated into CLPs. Similar results were
obtained with CP(32-264) (data not shown).

As SINV CP(32-264) and CP(81-264) were capable of in-
corporating into core assembly reactions but were incapable of
assembling CLPs alone, these truncations were investigated for
their ability to inhibit core assembly. As the levels of CP(81-
264) in the assembly reaction increased past a molar ratio of
1:1 relative to CP(19-264), no CLP assembly was seen, with a
small amount of oligonucleotide shifted to the position of

J. VIROL.
2> 2>
5 &
- -
e e T OB 8 o B oe e T o o
- T 2 - 2
cc -~ v 28 £ % o © - %« & - 5

[ 3
3
v
L

2 3 4 5 6 7 8

Ethidium Bromide

Coomassie Blue

FIG. 5. Incorporation and inhibition of CLP assembly by CP(81-264). Num-
bers above the gels represent molar ratios of CP(81-264) to CP(19-264). (A)
Ethidium bromide-stained agarose gel demonstrating incorporation into and
inhibition of standard assembly reactions with CP(81-264), CP(19-264), and the
48-base oligonucleotide. Lane 1, positive control reaction containing only
CP(19-264) and the 48-base oligonucleotide under standard assembly reaction
conditions. The positions of the unincorporated oligonucleotide (O), the CLP
(C), and the origin of electrophoresis (W) are indicated. Lanes 2 through 6,
increasing amounts of CP(81-264) added to the standard assembly reaction (at
a constant volume). Lanes 2 and 3 show increased core assembly, as evidenced
by the increased staining of the core band due to the incorporation of CP(81-
264). Lanes 4 and 5 show abolished core assembly and the presence of an altered
protein-nucleic acid migration position (S) corresponding to CP(81-264) bound
to oligonucleotide (lane 7). A second, minor species of unknown origin is present
in the agarose gel near the origin of electrophoresis in lanes 4 and 5. Lane 6
shows complete abolition of CLP formation. Lane 7, migration of CP(81-264)
bound to oligonucleotide (S). The migration of this species is different from that
of oligonucleotide alone (O) or oligonucleotide in CLPs (C). Lane 8, oligonu-
cleotide (oligo) only. (B) Coomassie brilliant blue R-250 staining of the agarose
gel shown in panel A.

CP(81-264) nucleic acid binding (Fig. 5, lanes 4, 5, and 6);
these results suggested inhibition of the assembly process.
Therefore, it was found that both proteins could incorporate
into core particles at low concentrations (molar ratios of up to
1:1) but inhibited core assembly at higher concentrations (4:1
and 40:1) (Table 3). In addition to the normal core migration
position in the gel, additional bands corresponding to CP(81-
264) bound to DNA (labeled S in Fig. 5) and another uniden-
tified species were generated. The step at which CP(81-264)
blocks assembly and the assembly intermediates involved in
this process are currently under investigation.

DISCUSSION

The ability to generate a regular icosahedral NC structure
from 240 copies of the alphavirus CP and the viral genomic
RNA provides an interesting and challenging problem in mac-
romolecular association. Numerous protein-protein and pro-
tein-nucleic acid interactions must occur in a complex fashion
to generate the ordered assembly which is the NC (18). Inves-
tigation of this process in vivo by both genetic and biochemical
analyses has allowed only limited insight into the process of
core assembly (6, 7, 10). Mutations and in vivo core assembly
assays have generated results that are difficult to interpret due
to the complexity of the in vivo environment. Structural ap-
proaches with cryo-EM and X-ray crystallography have pro-
vided some insight as to the nature of core assembly by pro-
viding a picture of the final virion and its internal core (3, 11,
30). A system for the in vitro assembly of NCs was required to
allow a more extensive and controlled examination of core
formation. An in vitro assembly system was previously de-
scribed by Wengler and colleagues and used CP isolated from
virions (41, 42). Although this system was useful, its reliance on
virus-purified CP restricted its use to the wild-type virus and
possibly mutant viruses which grew well. To circumvent these
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restrictions, a prokaryotic expression system for the production
and purification of large amounts of SINV and RRV CPs was
developed, and an in vitro assembly system that uses these
expressed proteins was established. Core formation assays
were developed to allow examination of the NC assembly pro-
cess. Examination of assembled core particles by electron mi-
croscopy, gradient sedimentation, and agarose gel assays sug-
gested that in vitro-assembled cores were of a regular size and
shape and appeared quite similar to native cytoplasmic cores
or virus-purified cores. High-resolution analysis of the in vitro-
assembled CLPs of both SINV and RRV by cryo-EM and
image reconstruction is currently under way.

The in vitro assembly experiments presented were primarily
designed to examine the requirements of NC assembly and to
examine possible steps in the pathway. As the RRV and SINV
assembly systems were nearly identical in protein and oligonu-
cleotide requirements, a logical first step was to attempt to
generate phenotypically mixed CLPs. It was expected that
mixed cores, those that contain both SINV and RRV proteins,
might be generated when assembly reactions were carried out
with an equal mixture of the two CPs. The agarose gel assay
developed to examine assembly provided a convenient assay
for these experiments due to the difference in the migration of
the cores of the two viruses following electrophoresis. One
possible outcome of the mixing experiments would be a new
species of core particle with a migration between those of the
two parental core bands in the agarose gel assay. Surprisingly,
no mixed-core-particle band was detected in these experi-
ments. Furthermore, we did not detect any CLPs migrating
between the two parental core bands, which would have been
the result of both proteins mixing randomly into particles. This
result suggests that the protein-protein interactions involved in
the in vitro assembly of SINV and RRV CLPs are homotypic.
It is interesting that these two homologous proteins, which
share 68% sequence identity in their C-terminal domains (res-
idues 97 to 264, SINV numbering) (9), have distinct protein-
protein interactions in the core that are significant enough to
prevent heterotypic mixing between the virus CPs. In contrast,
chimeric viruses containing recombinant genomes have been
shown to be viable when various combinations of the structural
and nonstructural coding regions from two viruses are ex-
changed (20, 26, 35, 44, 45).

In order to understand which regions of the CP were re-
quired for core assembly, a series of amino-terminal trunca-
tions of the SINV CP were generated and assayed for their
ability to generate CLPs in the in vitro assembly system. The
initial SINV assembly experiments were conducted with the
predominant species generated in the E. coli-based expression
system, CP(19-264). The minor species, CP(9-264), was also
assayed for in vitro assembly and was found to be identical in
all assays to CP(19-264). These proteins, although used to
establish the assembly system, represent truncations of the
native wild-type CP. Therefore, the first 18 amino acids of the
protein were dispensable for core assembly in vitro. Further
truncation of the CP to residue 32 was sufficient to block CLP
formation in the in vitro system. Truncation of the CP to amino
acids 81 to 264, thereby completely eliminating the predicted
N-terminal helix and the majority of basic amino acids from
the N-terminal domain of the protein, prevented CLP forma-
tion but failed to block nucleic acid binding or incorporation of
the protein together with CP(19-264) into CLPs. Deletion of
the N-terminal 105 residues [CP(106-264)] or 113 residues
[CP(114-264)] prevented assembly, incorporation, and nucleic
acid binding. Previous results had demonstrated that these
proteins do not bind nucleic acid, suggesting a requirement for
nucleic acid in core assembly (29). Also, a direct correlation
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between the incorporation into CLPs of truncated CPs present
at low ratios relative to CP(19-264) and the ability to inhibit
core formation at high ratios was established.

Several in vivo studies have examined regions of the CP that
play a role in assembly. Forsell et al. demonstrated that a
deletion of the N-terminal domain of Semliki Forest virus
(residues 1 to 112) prevented NC formation in vivo and abol-
ished the production of virus particles, whereas significant de-
letions of the N-terminal basic domain could be made without
a loss of core formation (10). In contrast, Owen and Kuhn
isolated a SINV mutant which duplicated 80 residues of the
positively charged N-terminal domain (residues 10 to 89) (29).
From these results, it is likely that the residues of the N-
terminal domain (residues 1 to 80) maintain flexible contacts
involved in organizing the NC, permitting numerous permuta-
tions of the native amino acid sequence. As expected, however,
certain N-terminal residues are more important for core as-
sembly and virus production than others, particularly those in
the N-terminal helix region (28a).

Examination of the nucleic acid requirements for core as-
sembly in the in vitro system provides some interesting results
not observed in previous in vitro assembly experiments. The
ability to assemble CLPs in vitro with a variety of single-
stranded nucleic acids but not with double-stranded DNA in-
dicates that charge neutralization of the basic CP by polyan-
ionic substrates is not the only role of nucleic acids in core
assembly. The helical structure of DNA may prevent some
nucleotide base-specific contacts required for protein-nucleic
acid interactions in particle formation. The DNA helix also
may pose problems for assembly due to the relative size and
rigidity of the helix compared to those of single-stranded sub-
strates. A second novel observation is the demonstration of
specific recognition of the genomic viral RNA of SINV by the
CP during in vitro assembly. This observation lends significant
physiological relevance to the in vitro-assembled CLP. The
third observation of interest is the presence of a minimum size
of DNA oligonucleotide substrate required for core assembly.
The demonstration of a minimum size of oligonucleotide sub-
strate suggests a minimum CP nucleic acid binding “footprint”
or possibly nucleic acid tethering between two adjacent CPs, as
would be seen in a nucleic acid-bound protein dimer (2, 22).

The stoichiometry of nucleic acids of various lengths relative
to a fixed amount of CP required for in vitro assembly dem-
onstrates that shorter oligonucleotides must be present in
larger molar amounts for assembly to occur. If core assembly
required only a fixed number of specific nucleic acid binding
sites to be occupied, equal amounts of short or long oligonu-
cleotides would be required for assembly reactions. The re-
quirement for larger amounts of shorter oligonucleotides sug-
gests a “headful” encapsidation of nucleic acids (8, 25). These
preliminary experiments do not exclude the possibility of both
high-affinity specific site binding and low-affinity overall charge
neutralization within the core. A more extensive kinetic anal-
ysis of nucleic acid binding and core composition is required to
fully investigate this point.

The experiments presented here suggest the importance of
nucleic acid in the process of NC assembly. The data suggest
that nucleic acid is absolutely required for in vitro core forma-
tion. Furthermore, this hypothesis is supported by the inability
to generate empty CLPs in vitro over a wide variety of condi-
tions. If charge neutralization were the only role for nucleic
acid in core assembly, then empty particle formation should be
possible in high-ionic-strength buffers. Indeed, charge neutral-
ization alone does not appear to be sufficient to drive core
assembly, as double-stranded DNA fails to form core particles.
The requirement of a minimum length of oligonucleotide sub-
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strate for in vitro assembly suggests the tethering of adjacent
CPs together in a nucleic acid-bound dimer as the first step in
core assembly. The minimum size may merely represent the
minimum specific binding site footprint required for interac-
tions. However, prior to the addition of nucleic acid, the CP is
predominantly a monomeric protein, as determined by gel
filtration chromatography and analytical ultracentrifugation
analysis. Yeast two-hybrid genetic screens for interactions be-
tween CPs and between regions of the CP have failed to dem-
onstrate homotypic interactions (40a), as have been seen in
other viral systems (19, 27, 28). Following the addition of an
appropriate nucleic acid substrate, a core particle of regular
size and shape is rapidly generated. The lack of protein inter-
actions in the absence of nucleic acid suggests that nucleic acid
is involved in a preliminary step in the assembly process, most
likely in the initial oligomerization of the CP. Subsequent steps
are likely to involve protein sequences downstream of residue
81, since CP(81-264) can be incorporated and can inhibit the
assembly of core particles by CP(19-264). Efforts are currently
focused on the isolation and identification of the preliminary
nucleic acid-bound protein species seen in core assembly by
use of truncated and mutant CPs.

The development of an in vitro assembly system for SINV
and RRYV allows the process of alphavirus core assembly to be
examined in great detail. Structural, genetic, and biochemical
approaches that use the data and reagents from the in vitro
assembly system can now be used to begin the molecular dis-
section of this core assembly process.
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