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Rubella virus is an enveloped positive-strand RNA virus of the family Togaviridae. Virions are composed of
three structural proteins: a capsid and two membrane-spanning glycoproteins, E2 and E1. During virus
assembly, the capsid interacts with genomic RNA to form nucleocapsids. In the present study, we have
investigated the role of capsid phosphorylation in virus replication. We have identified a single serine residue
within the RNA binding region that is required for normal phosphorylation of this protein. The importance of
capsid phosphorylation in virus replication was demonstrated by the fact that recombinant viruses encoding
hypophosphorylated capsids replicated at much lower titers and were less cytopathic than wild-type virus.
Nonphosphorylated mutant capsid proteins exhibited higher affinities for viral RNA than wild-type phosphor-
ylated capsids. Capsid protein isolated from wild-type strain virions bound viral RNA more efficiently than
cell-associated capsid. However, the RNA-binding activity of cell-associated capsids increased dramatically
after treatment with phosphatase, suggesting that the capsid is dephosphorylated during virus assembly. In
vitro assays indicate that the capsid may be a substrate for protein phosphatase 1A. As capsid is heavily
phosphorylated under conditions where virus assembly does not occur, we propose that phosphorylation serves
to negatively regulate binding of viral genomic RNA. This may delay the initiation of nucleocapsid assembly
until sufficient amounts of virus glycoproteins accumulate at the budding site and/or prevent nonspecific
binding to cellular RNA when levels of genomic RNA are low. It follows that at a late stage in replication, the
capsid may undergo dephosphorylation before nucleocapsid assembly occurs.

Rubella virus (RV) is a member of the family Togaviridae, a
group of positive-strand RNA viruses with relatively simple
virion structures and replication schemes (10, 15, 44). The virus
is highly teratogenic and causes devastating malformations in
human fetuses when in utero infection occurs during the first
trimester of pregnancy. Although congenital rubella syndrome
is rare in western countries, it remains endemic in the devel-
oping world and parts of Eastern Europe (14, 40). Despite its
medical importance and the widespread use of live RV vac-
cines, most aspects of virus replication and pathogenesis re-
main poorly understood.

Virions are comprised of three structural proteins: two
membrane-spanning glycoproteins, E2 and E1, and a capsid
protein (15, 34). The membrane glycoproteins are required for
binding to host cells and membrane fusion during infection
(10). During virus assembly, they are thought to play a major
role in facilitating intracellular budding at the Golgi complex
(17). Recently, we have focused our efforts on studying the
roles of the capsid protein in virus replication. Our data sug-
gest that the capsid is a multifunctional protein that has roles
in virus-host interactions as well as replication. For example,
the capsid interacts with multiple host cell proteins and ap-
pears to be proapoptotic in certain cultured cell lines (5, 8).
One of the functions of the capsid in the assembly pathway is

to package RV genomic RNA into nucleocapsids. Formation
of RV nucleocapsids appears to be regulated and membrane
dependent (10, 42). This mode of nucleocapsid assembly is
unique among togaviruses and may be a consequence of the
unusual posttranslational processing of the capsid protein. RV
structural proteins are synthesized as a polyprotein precursor
in the order NH2-capsid-E2-E1-COOH (33). During translo-
cation of virus glycoproteins into the endoplasmic reticulum
(ER), signal peptidase cleavage separates E2 from the capsid
while leaving the E2 signal peptide attached to the carboxy
terminus of the capsid (42). In addition to mediating mem-
brane association of the capsid, the E2 signal peptide is re-
quired for the targeting of the capsid to the perinuclear region
where virus budding occurs (25).

It has been reported that the capsid is modified by the
addition of phosphate prior to virus assembly (11, 29), but the
role of this posttranslational modification in virus replication
has not previously been investigated for RV or other togavi-
ruses. In the present study we report that serine 46 regulates
capsid phosphorylation. Interestingly, serine 46 lies within the
RNA binding site (amino acid residues 28 to 56) of the capsid
(27). This region of the capsid is rich in arginine residues and
binds to a packaging signal located between nucleotides 347
and 375 of the genomic RNA. Nonphosphorylated capsid has
a higher affinity for genomic RNA, indicating that phosphor-
ylation negatively regulates the RNA binding activity of this
protein. We propose a model where phosphorylation of the
capsid during the early stages of assembly prevents nonspecific
binding of cellular RNA and/or premature assembly of nucleo-
capsids. In addition, dephosphorylation of capsid during the
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latter stages of virus assembly may be required for efficient
nucleocapsid assembly and budding.

MATERIALS AND METHODS

Reagents, antibodies, and cDNA clones. Reagents and supplies were from the
following sources. Protein A- and G-Sepharose and glutathione-Sepharose were
purchased from Pharmacia (Alameda, Calif.). Phenylmethylsulfonyl fluoride,
fibronectin, sodium dodecyl sulfate (SDS), bovine serum albumin, and general
lab chemicals were purchased from Sigma Chemical Co. (St. Louis, Mo.). [14C]-
labeled protein standards were purchased from Amersham Corp. (Arlington
Heights, Ill.). Radiolabeled inorganic phosphate H3

33PO4 (4,000 Ci/mmol) was
purchased from ICN (Costa Mesa, Calif.). Media and sera for cell culture were
purchased from Life Technologies-Invitrogen, Inc. or Sigma. Pwo polymerase
and PerFectin transfection reagent were purchased from Roche Molecular Bio-
chemicals (Laval, Canada) and Gene Therapy Systems, Inc. (San Diego, Calif.),
respectively. Vero, COS, RK13, and BHK cells were obtained from the Amer-
ican Type Culture Collection (Manassas, Va.). The M33 strain of RV and an
infectious cDNA clone (46) were kindly provided by Shirley Gillam (University
of British Columbia). The C1 anti-capsid monoclonal antibody was a gift from
Jerry Wolinsky (University of Texas, Houston). Purified phosphatases were pur-
chased from Sigma or purified as described previously (30).

Cell culture. BHK, COS, and Vero cells were cultured in Dulbecco’s minimal
essential medium (high glucose) containing 10% fetal bovine serum, 2 mM
glutamine, 1 mM HEPES, and antibiotics. RK13 cells were cultured in minimal
essential medium containing 10% fetal bovine serum, 2 mM glutamine, 1 mM
HEPES, and antibiotics.

Plasmid construction. Capsid constructs were generated by PCR by using Taq
polymerase (Invitrogen-Gibco) and primers listed in Table 1. All new cDNA
constructs that were used in this study were sequenced to verify their authenticity
and ensure the absence of second-site mutations.

Capsid truncation mutants. CapN was generated with the vector-specific for-
ward primer AV11(F) and the reverse primer Cap312(R) by using pCMV5-
CapE2SP (25) as a template. The resulting cDNA, which encodes the first 312
nucleotides of the capsid followed by a stop codon and a BamHI site, was
digested with EcoRI and BamHI and then ligated into pCMV5 (2) that had been
treated with EcoRI and BglII. CapC was generated with the forward primer
Cap331(F) and the reverse primer Capsid(R) by using pCMV5-CapE2SP as the
template. The resulting PCR product encodes a ribosome binding site followed
by a translation start site, a c-myc tag, amino acids 107 to 300 of the capsid, the
E2 signal peptide, and a stop codon followed by a BglII site. The PCR product
was digested with EcoRI and BglII and ligated into pCMV5.

Capsid phosphorylation mutants. All mutants were generated by PCR with
pCMV5-CapE2SP (25) as the template. Four forward mutagenic primers [S45/
46A(F), S52/56A(F), S45A(F), and S46A(F)], each specifying serine-to-alanine
changes, were utilized in combination with the reverse primer CapSal(R). The
resulting PCR products were digested with NotI and SalI and used to replace a
401-bp fragment in pCMV5-CapE2SP.

Introduction of capsid mutations into the RV infectious clone. cDNA frag-
ments encoding the desired mutants were subcloned into a plasmid encoding the
entire rubella strain M33 genome (pBRM33) (46) by replacing the NotI and SphI
fragments (nucleotides 6622 and 7242) within the capsid-encoding region.

GST-capsid fusion protein. The capsid cDNA was amplified by PCR with
primers CGSTF and AV10Cla by using pCMV5-CapE2SP as a template, di-
gested with BamHI, and then ligated in frame to the 3� end of the glutathione
S-transferase (GST) cassette in the mammalian expression vector pEBG (31).
Transcription of the GST fusion protein is driven by the EF-1� promoter.

Transfection of COS cells and 33P labeling of capsid. COS cells (1.5 � 105) in
35-mm-diameter culture dishes were transfected with 2 �g of each capsid plas-
mid combined with 7 �l of PerFectin transfection reagent. The next day, cells
were washed with phosphate-buffered saline (PBS) and then incubated with
phosphate-free media (Life Technologies-Invitrogen, Inc.) for 30 min prior to
the addition of 100 �Ci of H3

33PO4 (4,000 Ci/mmol) (ICN). Cells were radio-
labeled with phosphate for 12 to 14 h at 37°C, washed with cold PBS, and then
lysed in RIPA buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS) containing phosphatase inhibitors (1 mM so-
dium orthovanadate, 50 mM sodium fluoride, 5 mM tetrasodium pyrophos-
phate). Lysates were centrifuged at 17,000 � g for 10 min at 4°C to remove
insoluble material, and the capsid was immunoprecipitated from the resulting su-
pernatants with rabbit anti-capsid sera as described previously (5). All solutions
contained phosphatase inhibitors. Immunocomplexes were denatured by heating at
95°C in 2� SDS gel loading buffer, separated by SDS-polyacrylamide gel electro-
phoresis (PAGE) on 10% acrylamide gels (23), and processed for fluorography.
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In vitro RNA binding assay. Capsid proteins were isolated from rubella viri-
ons, transfected COS cells, or infected cells by immunoprecipitation as described
above. Virions were isolated from the precleared culture media of infected Vero
cells by centrifugation at 100,000 � g for 60 min at 4°C. Where indicated, some
capsid preparations were dephosphorylated prior to use in RNA binding exper-
iments. Immunoprecipitated capsids were subjected to a final wash in dephos-
phorylation buffer (0.05 M Tris-HCl [pH 8.5], 1 mM EDTA) and then incubated
for 12 to 15 h at 37°C in dephosphorylation buffer containing 100 U of calf
intestine alkaline phosphatase (Roche Molecular Biochemicals). Samples were
then separated by SDS-PAGE and transferred to 0.45-�m-pore-size nitrocellu-
lose membranes (Bio-Rad Laboratories) by using a wet-transfer apparatus (Bio-
Rad Laboratories) for 1 h at 280 mA.

Membranes were washed in probe buffer (10 mM Tris-HCl [pH 7.5], 50 mM
NaCl, 1 mM EDTA, 1� Denhardt’s solution) for 10 min at room temperature
followed by blocking in probe buffer containing 250 �g of baker’s yeast tRNA
(Roche Molecular Biochemicals)/ml for 1 h. The RNA probe used for North-
western blots corresponded to nucleotides 1 to 4211 of the M33 genome se-
quence, a region that contains the RNA packaging signal (27). An EcoRI and
EcoRV cDNA fragment from pBRM33 encompassing this region was ligated
into the EcoRI and SmaI sites of pBluescriptSK� (Stratagene). The resulting
plasmid was linearized with BamHI and used as a template to generate non-
capped RNA with the MEGAscript kit (Ambion, Inc.). Transcription reaction
mixtures (20 �l) contained 1 �l of �-35S-labeled CTP (10 �Ci, 600 Ci/mmol)
(ICN). Membranes were incubated with 35S-labeled RV RNA for 1 h at room
temperature in probe buffer and then washed in the same buffer three times at
room temperature before exposure to a PhosphorImager.

In vitro dephosphorylation assays. GST-capsid was transiently expressed in
COS cells and labeled with [33P]orthophosphate as described above. Cells were
lysed on ice with lysis buffer (1% NP-40, 350 mM NaCl, 2 mM EDTA, 50 mM
Tris-Cl [pH 7.5]) plus phosphatase inhibitors. Radiolabeled GST-capsid was
isolated on glutathione-Sepharose beads at 4°C. The beads were washed three
times with cold lysis buffer and resuspended in a solution containing 50 mM
Tris-Cl and 2 mM CaCl2 (pH 7.5). Aliquots of the beads were incubated with 1
�g of purified phosphatases (protein phosphatase 1A [PP1A], PP1B, PP2A,
PP2B, or calf intestinal alkaline phosphatase) for 16 h at 37°C. Samples were
separated by SDS-PAGE and transferred to polyvinylidene difluoride mem-
branes before analysis on a PhosphorImager. Total levels of GST-capsid were
determined by probing the membranes with rabbit anti-GST antibodies followed
by enhanced chemiluminescence (ECL) detection.

Synthesis of infectious viral RNA and production of mutant viruses. Full-
length RV cDNA clones were linearized with HindIII and used as templates for
transcription of capped RNAs with a mMessage mMachine kit (Ambion, Inc.).
RNAs were quantitated by gel electrophoresis and spectroscopy at 260 nm
before introduction into BHK cells by electroporation. Briefly, subconfluent
BHK cells were trypsinized and then resuspended (107 cells/ml) in PBS. Wild-
type and mutant viral RNAs (10 �g each) were added to 0.5-ml aliquots of BHK
cell suspensions. The cell-RNA mixtures were transferred to a 0.2-mm-gap elec-
troporation cuvette and incubated on ice for 10 min. Cells were electroporated
at a 500-V 100-�F pulse in an Electro Cell Manipulator ECM600 (BTX Elec-
tronic Genetics). Immediately after the pulse, 1.0 ml of culture media was added
to the cuvette. Cells were further diluted in 11.0 ml of culture media and
distributed into six 35-mm-diameter culture dishes. Virus-containing culture
media collected on consecutive days were clarified by centrifugation at 7,000 �
g for 10 min before use or storage at �80°C.

Plaque assays and determination of cytopathic effect. RK13 cells (2 � 105

cells) were infected with virus stocks in 35-mm-diameter dishes for 2 h, washed,
and allowed to recover in culture media for 1 h. Cells were then overlaid with
0.5% agarose in culture medium and incubated at 35°C in a 5% CO2 atmosphere
for 6 days. Plaques were visualized after staining with 4% neutral red solution
(Sigma) for 3 h. The cytopathic effect was scored by examination of infected
cultures by light microscopy after crystal violet staining. For staining, cells were
washed with PBS and then fixed and stained with 0.05% crystal violet in 17%
methanol for 2 h at room temperature. Excess stain was removed by washing the
cells with distilled water. The stained cells were examined with a Zeiss Axioskop
2 microscope, and images were captured by using a Spot camera (Diagnostics
Instruments, Inc.).

RESULTS

Identification of phosphorylated amino acid residues in cap-
sid. Previous work revealed that the RV capsid is phosphory-
lated prior to virus assembly (11). However, the significance of

this posttranslational modification has been overlooked for
most RNA viruses, including togaviruses. In order to deter-
mine if capsid phosphorylation is important for virus replica-
tion, it was necessary to map the phosphorylated amino acid
residue(s) within this protein. Analysis of the capsid sequence
with the NetPhos algorithm (http://www.cbs.dtu.dk/services/
NetPhos/) revealed the presence of 10 potentially phosphory-
lated serine/threonine residues in the protein. Interestingly, six
of these residues are clustered within the amino-terminally
located RNA binding region (27). Two capsid constructs en-
coding the amino-terminal and carboxy-terminal regions of the
capsid, CapN and CapC, respectively, were used to localize the
phosphorylated amino acid residues within a specific region of
the capsid (Fig. 1A). The proteins were transiently expressed in
COS cells and immunoprecipitated from cells that had been
labeled with H3

33PO4 for 12 h.
Both the capsid and CapN, which is the first 110 amino acids

of the capsid, including the RNA binding domain, efficiently
incorporated radiolabeled phosphate (Fig. 1B). In contrast, the
CapC protein (amino acids 107 to 300) was not labeled with
phosphate under these conditions. Immunoblot analysis con-
firmed that the CapC construct was stable and adequately
expressed in the transfected cells (data not shown). Accord-
ingly, the simplest interpretation of these results is that all of
the phosphorylated residues in the capsid, or residues that are
necessary for phosphorylation, are located within the first 110
amino acids of the protein. Conversely, the kinase that nor-
mally phosphorylates residues in the carboxy-terminal two-
thirds of the protein may not recognize the truncated capsid
(CapC) as a substrate. However, the results discussed below
argue against this latter possibility.

Since there are a limited number of potential phosphoryla-
tion sites within the RNA binding region, we elected to use
site-directed mutagenesis to identify which of the serine/thre-
onine residues were essential for capsid phosphorylation. All
six potential phosphorylated serine and threonine residues
were mutated to alanine. The resulting mutant Cap-6S/T�A
was expressed in transfected COS cells that were subsequently
radiolabeled with phosphate as described above. Quantitation
of the radioimmunoprecipitates with a PhosphorImager re-
vealed that the amount of labeled phosphate incorporated by
Cap-6S/T�A was approximately 50 times lower than that for
the wild-type capsid (data not shown). This suggested that the
majority of phosphorylation occurs within the RNA binding
region of the capsid. Next, a series of single- and double-
alanine mutants were constructed and analyzed in the same
manner to determine which of the six serine/threonine residues
in the RNA binding domain become phosphorylated (Fig. 1A).
Mutation of serine 46 to alanine resulted in the most dramatic
reduction in capsid phosphorylation (Fig. 1C). The loss of
phosphorylation in S46A was comparable to that in the Cap-
6S/T�A mutant (data not shown). In contrast, the mutation of
serines 45, 52, and 56 (Fig. 1C) or threonine 47 or serine 48
(data not shown) to alanine had little or no effect on capsid
phosphorylation. Low levels of 33P labeling were observed in
all cases, which could mean that other amino acid residues in
the capsid are phosphorylated, albeit at much lower levels.
These results indicate that serine 46 of the capsid is critical for
normal capsid phosphorylation.
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Capsid phosphorylation is important for virus replication.
To examine the importance of capsid phosphorylation for virus
replication, the serine-alanine mutants were expressed in the
context of an infectious RV clone (46). Capped RV genomic

RNAs from M33 and capsid mutant strains were synthesized in
vitro, and equal amounts of RNA were electroporated into
BHK cells. The media from transfected cells were collected at
daily intervals, and virus titers were determined by plaque
assay on RK13 cells. The titers for all viruses generally peaked
between 2 and 4 days postelectroporation (data not shown).
However, depending upon which day virus titers were deter-
mined, we found that titers of hypophosphorylated capsid-
containing viruses were as much as 60-fold lower than those of
virus strains with normally phosphorylated capsids. Figure 2A
shows the relative virus titers on day 3 (postelectroporation),
and it can be seen that titers of the S46A virus are more than
10-fold lower than those of wild-type M33 virus. In addition to
the defect in virus replication, the cytopathic effect of mutant
viruses was markedly reduced. RK13, a cell line that is exquis-

FIG. 1. (A) Schematics of capsid constructs used in this study.
CapN encompasses the amino-terminal 110 amino acids of the RV
capsid protein. The genomic RNA binding region is contained in this
construct (grey box). CapC contains an initiator methionine and a
c-myc tag followed by amino acids 107 to 300 of the capsid, including
the E2 signal peptide. The relative positions of potential phosphory-
lation sites are shown as black dots. Striped boxes at the ends of Capsid
and CapC represent the signal peptide of the E2 glycoprotein. The
sequence of the RNA binding region is shown in the expanded grey
box, and potentially phosphorylated residues are shown in bold. A
subset of the serine-to-alanine point mutants is shown at the bottom of
the section. The mutants are named according to the amino acid
number of the altered amino acids. For example, S46A is a mutant
capsid protein in which serine 46 was changed to alanine. (B) Radio-
immunoprecipitates prepared with rabbit anti-capsid or mouse anti-
myc antibodies were subjected to SDS-PAGE and fluorography. Cap-
sid and CapN, but not CapC, efficiently incorporate radiolabeled
phosphate. The expression of each capsid construct was confirmed by
immunoblotting (data not shown). (C) Radioimmunoprecipitates pre-
pared from H3

33PO4-labeled cells expressing all RV structural proteins
(24S), the capsid (Cap), or capsid proteins with point mutations within
the RNA binding region were subjected to SDS-PAGE and fluorog-
raphy (upper panel). Relative expression levels of the capsid proteins
were determined by immunoblot analysis of the cell lysates (lower
panel).

FIG. 2. Reduction of capsid phosphorylation affects virus growth
and cytopathogenicity. (A) Media from BHK cells expressing wild-type
and mutant RV RNAs were harvested 3 days postelectroporation, and
virus titers were quantitated by plaque assay with RK13 cells. Wild-
type M33 titers were set to a value of 1, and mutant virus titers were
normalized to this value. (B) RK13 cells were infected with M33,
S45A, and S46A virus strains at a multiplicity of infection of 0.25. Four
days postinfection, the cells were stained with crystal violet and pho-
tographed. Cells exhibiting the cytopathic effect are round and darkly
stained.
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itely sensitive to the RV cytopathic effect, was infected with
M33 and capsid mutant strains (at the same multiplicity of
infection) and examined for the cytopathic effect after 2 to 4
days. Figure 2B clearly shows that the S46A strain is less
cytopathic than the M33 and S45A strains. Similar results were
obtained with other hypophosphorylated strains (data not
shown). These results demonstrate that although capsid phos-
phorylation is not absolutely essential for virus replication,
abolition of this process significantly impairs virus growth and
reduces the cytopathic effects.

Capsid phosphorylation negatively regulates RNA binding.
One of the functions of the capsid during virus assembly is to
package genomic RNA into nucleocapsids. Since the bulk of
phosphorylation occurs in the RNA binding region of the cap-
sid, we reasoned that this posttranslational modification may
regulate binding of genomic RNA and subsequent nucleocap-
sid assembly. The abilities of capsid phosphorylation mutants
to bind viral RNA were tested by an in vitro RNA binding
assay (27). Capsid proteins were immunoaffinity purified, sep-
arated by SDS-PAGE, and transferred to nitrocellulose mem-
branes. The membranes were incubated with a radiolabeled
RV-specific RNA probe that contains the capsid-binding pack-
aging signal (27). These experiments revealed unexpectedly
that hypophosphorylated capsids (S45/46A and S46A) bound
RNA more efficiently than wild-type capsid or mutants (S52/
56A and S45A) that retain normal levels of phosphorylation
(Fig. 3A).

Initially, these results were puzzling, since at some point, the
RV capsid must interact with viral RNA to form nucleocapsids.
In addition, a similar assay employed by Liu et al. was used to
map the sites of interaction between capsid and genomic RNA
(27). A critical difference between their experiments and ours
was that the capsid protein used for the binding studies in the

previous study was isolated from virions, whereas our assay
employed capsid isolated from transfected cells. Similar to Liu
et al., we observed that virion-derived wild-type capsid effi-
ciently bound viral RNA (Fig. 3B). In contrast, capsid isolated
from lysates of infected cells did not bind detectable amounts
of RNA in the in vitro RNA binding assay.

The results described above indicate that virion- and cell-
associated capsids differ in some manner which influences their
abilities to bind RNA. To ascertain whether differences in
phosphorylation could account for these observations, we
tested the ability of cell-associated capsids to interact with
RNA after treatment with phosphatase. As expected, phospha-
tase treatment of the wild-type, S52/56A, and S45A capsids
resulted in an increased binding of virus RNA (Fig. 4). How-
ever, the RNA-binding activities of the hypophosphorylated
capsid mutants (S45/S46A and S46A) were not affected by
phosphatase treatment. These results are consistent with a
scenario where the capsid undergoes a dephosphorylation step
prior to interacting with viral RNA and subsequent nucleocap-
sid formation. Based on sequence analysis, we hypothesized
that serine 46 is a substrate for PP1A. Indeed, PP1A and the
control phosphatase (calf intestinal alkaline phosphatase), but
not other phosphatases (PP1B, PP2A, or PP2B), catalyzed
removal of radiolabeled phosphate from the RV capsid in an in
vitro phosphorylation assay (Fig. 5).

DISCUSSION

Togaviruses have served as classical models for the study of
virus assembly, replication, and entry into host cells (13, 41).

FIG. 3. Phosphorylation of capsid negatively regulates RNA bind-
ing. (A) Capsid proteins were isolated from transfected COS cells by
immunoaffinity purification, separated by SDS-PAGE, and transferred
to nitrocellulose membranes. Membranes were incubated with 35S-
labeled RV-specific RNA and washed, and RNA binding to capsid
proteins was detected with a PhosphorImager (upper panel). Relative
capsid expression levels were determined by stripping the membranes
and then reprobing them with a monoclonal antibody to capsid fol-
lowed by ECL detection (lower panel). (B) Cell- and virion-associated
capsids were isolated from cells infected with the M33 strain of RV.
RNA binding to virion- and cell-associated capsids was determined as
described for panel A.

FIG. 4. Dephosphorylated capsids exhibit higher affinities for virus
genomic RNA. Purified capsids were treated with or without calf
intestinal phosphatase, separated by SDS-PAGE, and then transferred
to nitrocellulose membranes. The membranes were incubated with
35S-labeled RV-specific RNA and washed, and RNA binding to cap-
sids was detected with a PhosphorImager (upper panel). Relative cap-
sid expression levels were determined by stripping the membranes and
then reprobing them with a monoclonal antibody to capsid followed by
ECL detection (lower panel).

FIG. 5. The capsid is dephosphorylated by PP1A in vitro. 33P-la-
beled GST-capsid was incubated with or without PP1A, PP1B, PP2A,
PP2B, or calf intestinal phosphatase (CIAP) for 16 h at 37°C. Samples
were then subjected to SDS-PAGE and transferred to a polyvinylidene
difluoride membrane. The top panel shows 33P-labeled GST-capsid as
detected by a PhosphorImager. The lower panel is an immunoblot with
anti-GST antibody to show the total levels of GST-capsid protein in
each lane.
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However, other than ER- and Golgi-specific modifications of
spike glycoproteins (16, 38, 39, 43), very little is known about
posttranslational modification of virus antigens. Indeed, phos-
phorylation of virus structural proteins seems to have different
effects depending upon the virus in question. In some cases,
phosphorylation decreases the RNA binding activity of a given
protein, whereas in other cases it has no effect (12, 20, 21, 24,
28, 45). The nonstructural protein NSP3 is modified by phos-
phorylation in a number of alphaviruses (26, 36), but to our
knowledge, it is not known if alphavirus capsids are phosphor-
ylated. Moreover, surprisingly little is known about how phos-
phorylation of virus proteins is regulated or if and how this
modification is required for replication. This is particularly
true of togaviruses. In the present study, we have identified
serine 46 in the RNA binding region as the most important
amino acid residue for phosphorylation of the RV capsid.

Our working model proposes that capsid phosphorylation
negatively regulates its interaction with viral RNA early in the
assembly pathway (Fig. 6). At a later step, dephosphorylation
of the capsid is required before RNA binding and efficient
nucleocapsid assembly can occur. Why is it important to reg-
ulate the RNA binding activity of the capsid? First, it is tempt-
ing to speculate that capsids which are free of RNA may be
transported from the site of synthesis (ER) to the budding site
(Golgi complex) with greater efficiency than fully formed nu-
cleocapsids. In keeping with this hypothesis, previous studies
showed that the capsid is still phosphorylated normally under
conditions where its transport to the virus assembly site is
blocked (11). Unlike alphavirus capsids, most RV capsid re-
mains membrane bound (25, 42) and thus cannot simply move
by diffusion from the site of synthesis to the budding site.
Although it is not known how RV capsids are transported from
the ER to the Golgi complex, vesicular transport is the most
obvious mechanism. If this is the case, the assembly of bulky

nucleocapsid structures on the ER surface would likely inhibit
the recruitment of coat proteins needed for formation of trans-
port vesicles that ferry the capsid to the Golgi complex. Sec-
ond, in the early phase of replication, the ratio of virus genomic
RNA to cellular RNA is presumed to be very low. Since non-
phosphorylated capsid is a very basic protein, it may have a
propensity to bind nonspecifically to nucleic acids with low
affinity, a situation that could interfere with the binding of virus
genomic RNA. The negative charge of the phosphate on serine
46 in the RNA binding region may prevent nonspecific elec-
trostatic interaction with RNA. Alternatively, capsid phos-
phorylation may alter its conformation in a manner that inhib-
its RNA binding. For example, phosphorylation alters the
conformation of the duck hepatitis virus capsid protein (47).
However, we favor the first possibility because, based on anal-
ogy to alphavirus capsids, the RNA binding region of the RV
capsid is located in a region of the protein which is structurally
flexible (9).

The kinase(s) responsible for modification of capsid is cur-
rently unknown. Sequence analyses with algorithms such as
Scansite (http://scansite.mit.edu/) or NetPhos (http://www.cbs
.dtu.dk/services/NetPhos/) indicate that serine 46 is a potential
substrate for cyclic AMP-dependent protein kinase (protein
kinase A), Akt/protein kinase B, or calmodulin-dependent ki-
nase. These kinases all have a broad range of substrates and
are involved in aspects of cellular signaling. Their involvement
in signaling processes necessitates that their activities or access
to substrates is regulated. Restricting the localization of pro-
tein kinases is one way that eukaryotic cells modulate the
activity of these enzymes (19, 32, 35). Differential localization
of a given kinase can be mediated by binding to a variety of
anchoring proteins, each with different targeting signals (18).
Presumably, phosphorylation of nascent capsid is a process
that occurs on the surface of the ER. With respect to protein
kinase A and calmodulin-dependent kinase, both enzymes
have been localized to the ER (22). However, we are unaware
of any reports specifically documenting the association of ac-
tive Akt/protein kinase B with the ER. Rather, activated forms
of this kinase translocate to the plasma membrane after which
they detach from this site and move to the nucleus (3).

The formation of RV nucleocapsids is generally coordinated
with virus budding, and preformed nucleocapsids are rarely
observed in RV-infected cells. In the context of our model
(Fig. 6), this would require that capsid dephosphorylation oc-
curs at the virus budding site and that nucleocapsid assembly is
regulated by a Golgi-localized phosphatase. Thus, identifica-
tion of the phosphatase that functions at the cellular level to
dephosphorylate the capsid would provide insight into the con-
trol of virus assembly. In eukaryotes, the major groups of
serine/threonine protein phosphatases display slightly different
but sometimes overlapping preferences for substrates (re-
viewed in reference 6). For example, phosphorylated serines or
threonines located downstream of multiple basic residues are
preferred sites for PP1 and PP2A (1, 7). As serine 46 of the
capsid is downstream of a series of arginines, it is a potential
substrate for both of these enzymes. However, our results
suggest that PP1A is the most likely candidate since this en-
zyme, not PP2A, efficiently dephosphorylates the capsid in
vitro. In addition, PP1 isoforms are required for membrane
trafficking steps near the RV budding site (37) and are thus in

FIG. 6. Model for the roles of dynamic capsid phosphorylation in
virus replication. During early assembly, the nascent capsid is phos-
phorylated on the surface of the ER. Phosphorylation serves to prevent
nonspecific binding of cellular RNA and premature formation of nu-
cleocapsids. Later in the replication cycle, structural proteins are trans-
ported to the Golgi complex where nucleocapsid assembly and virus
budding takes place. The capsid is dephosphorylated by a Golgi-local-
ized phosphatase (possibly PP1A) and is then able to bind viral RNA
to form nucleocapsids. It is also possible that the capsid is dephospho-
rylated during transport to the Golgi complex. Upon virus entry, re-
phosphorylation of the capsid may promote the release of genomic
RNA from the nucleocapsid.
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a position to dephosphorylate the RV capsid at the appropri-
ate time and place. However, further studies are clearly re-
quired to verify this model.

We favor the theory that capsid phosphorylation is dynamic,
a situation that could facilitate efficient binding of viral RNA
and, just as importantly, release of RNA at the appropriate
points in the replication cycle. During virus entry, phosphory-
lation of the capsid by a cellular kinase could destabilize the
nucleocapsid, thereby mediating release of the genomic RNA
(Fig. 6). This process would presumably permit better access of
the genomic RNA to ribosomes, allowing translation of the
nonstructural proteins to occur with greater efficiency. For
example, encapsidated RNA of potato virus X is nontranslat-
able in vitro but can be rendered translatable after phosphor-
ylation of the coat protein (4). In the rabies virus, viral tran-
scription and replication are regulated by phosphorylation of
the nucleoprotein (45). It will be important to determine
whether capsid phosphorylation is a general mechanism that
regulates nucleocapsid assembly for other positive-strand
RNA viruses. We are currently studying this process by using a
structurally related alphavirus. Finally, capsid phosphorylation
might be important not only for virus replication but for virus-
host interactions as well. RV strains with hypophosphorylated
capsids are less cytopathic in certain cell types. In this respect,
it will be of interest to determine whether the phosphorylation
state of the capsid affects its interactions with host proteins.
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