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Rabies virus nucleoprotein (N) plays vital roles in regulation of viral RNA transcription and replication
by encapsidation of the nascent genomic RNA. Rabies virus N is phosphorylated, and previous studies
demonstrated that mutation of the phosphorylated serine at position 389 to alanine resulted in reduction
of viral transcription and/or replication of a rabies virus minigenome. In the present study, we mutated
the serine (S) at position 389 to alanine (A), glycine (G), aspartic acid (D), asparagine (N), glutamic acid
(E), and glutamine (Q) and examined the effects of these mutations on rabies virus transcription and
replication in the minigenome. Furthermore, mutations from S to A, S to D, and S to E were also
incorporated into the full-length infectious virus. Mutation of the serine to each of the other amino acids
resulted in the synthesis of an unphosphorylated N and reduction of viral transcription and replication
in the minigenome. Mutations from S to A and S to D also resulted in reduction of both viral transcription
and replication in full-length infectious viruses. Growth curve studies indicated that production of the
mutant virus with the S-to-A mutation (L16A) was as much as 10,000-fold less than that of the wild-type
virus (L16). Northern blot hybridization with rabies virus gene probes revealed that the rates of viral
transcription and replication were reduced by as much as 10-fold in the mutant viruses when the N was
not phosphorylated. Interpretation of the data from the minigenome system and the full-length infectious
virus indicates that phosphorylation of rabies virus N is necessary for replication. Further studies
involving cycloheximide treatment of infected cells revealed that viral transcription was also reduced when
the N was not phosphorylated. Taken together, these results provide definitive evidence that N phosphor-

ylation plays an important role in the processes of rabies virus transcription and replication.

Within the Rhabdoviridae family, rabies virus is the proto-
type of the Lyssavirus genus and Vesicular stomatitis virus
(VSV) is the prototype of the Vesiculovirus genus (23). Rhab-
dovirus genomic RNA is encapsidated with nucleoprotein (N),
and this N-RNA complex, together with the phosphoprotein
(P, also termed NS) and RNA-dependent RNA polymerase
(L), forms the RNP complex. The N proteins of the rhabdovi-
ruses, like the N proteins from other members of the order
Mononegavirales, play vital roles in regulating viral RNA tran-
scription and replication by encapsidating de novo-synthesized
viral genomic RNA (for a review, see reference 23). Although
rabies virus N and VSV N do not have a high degree of
homology in primary nucleotide and protein sequences, they
have conserved regions and similar protein characteristics. For
example, the N protein of rabies virus has four conserved
amino acid stretches homologous with those of VSV (22). In
addition, similar helical structures exist in both rabies virus and
VSV N proteins. Both N proteins have an a-helix continuing
from the N terminus through most of the protein with a 3-turn
toward the C terminus (2).

However, there is one major structural difference between
rabies virus N and VSV N. Rabies virus N is phosphorylated,
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whereas VSV N is not (20). The phosphorylation has been
mapped to the serine residue at position 389 of the rabies virus
N (7). Phosphorylation of rabies virus N, but not VSV N, has
raised questions as to how the phosphorylation of rabies virus
N is involved in the regulation of rabies virus RNA transcrip-
tion and replication (27). We demonstrated that dephosphor-
ylation of rabies virus N or mutation of serine 389 to alanine
(S389A) resulted in an increased binding to in vitro-synthe-
sized leader RNA (28). Furthermore, mutation of the phos-
phorylated serine to alanine resulted in the reduction of viral
transcription and replication of a rabies virus minigenomic
RNA (28). However, in the minigenome system, viral proteins
necessary for viral transcription and replication were synthe-
sized by T7 polymerase, and thus their synthesis was not under
the control of rabies virus regulatory machinery. In the present
study, we further mutated the phosphorylated serine (S) to
alanine (A), glycine (G), aspartic acid (D), asparagine (N),
glutamic acid (E), and glutamine (Q) and investigated the
effects of these N mutants on viral transcription and replication
in the minigenome as well as the rescued infectious virus. The
results from the studies revealed that both viral transcription
and replication were reduced when the N is not phosphory-
lated, suggesting that N phosphorylation plays an important
role in modulating both transcription and replication of rabies
virus. Furthermore, the results from this study indicate that the
effects of N phosphorylation on viral transcription and repli-
cation are due to a combination of the net negative charge of
the phosphate moiety and the structure of the serine residue.
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TABLE 1. Primers used to make mutations of serine at position
389 to alanine, glycine, aspartic acid, asparagine, glutamic acid, and
glutamine on rabies virus N

Amino acid
resulting
from change

Primer Primer sequence” (5'-3")

SA5 GATGATGGAACTGTCAACGCTGACGACGAGG  Alanine

SA3 GTAGTCCTCGTCGTCAGCGTTGACAGTTCC

SG5 GATGATGGAACTGTCAACGGTGACGACGAGG  Glycine

SG3 GTAGTCCTCGTCGTCACCGTTGACAGTITCC

SD5 GATGATGGAACTGTCAAGATGACGACGAGG Aspartic
acid

SD3 GTAGTCCTCGTCGTCATCGTTGACAGITCC

SN5 GATGATGGAACTGTCAACAATGACGACGAGG  Asparagine

SN3 GTAGTCCTCGTCGTCATTGTTGACAGTTCC

SE5 GATGATGGAACTGTCAACGAAGACGACGAGG  Glutamic
acid

SE3 GTAGTCCTCGTCGTCTTCGTTGACAGTTCC

SQ5 GATGATGGAACTGTCAACCAAGACGACGAGG  Glutamine

SQ3 GIAGTCCTCGTCGTCTTGGTTGACAGTITCC

¢ Mutated codon is in boldface.

MATERIALS AND METHODS

Cells, viruses, plasmids, and antibodies. BSR (a clone of BHK) and BSR T7/5
(BSR cells stably expressing T7 polymerases) (4) were grown in Dulbecco’s
minimal essential medium and transfected with plasmids as described previously
(28). Recombinant vaccinia virus expressing bacterial T7 RNA polymerase
(VTF7-3) was prepared as described previously (14). Plasmids used for expression
of the full-length infectious virus (pSAD-L16), rabies virus minigenome (pSDI-
CAT), and rabies virus L (pT7T-L) (6, 18) were obtained from K. Conzelmann.
Plasmids for expression of N (pRN) and P (pRP) were constructed previously in
our laboratory (13). Polyclonal antiserum against rabies virus N was prepared in
rabbits as described previously (10).

Site-directed mutagenesis. Mutation of the serine 389 of the rabies virus N to
A, G, D, N, E, or Q was carried out by site-directed mutagenesis, using the
method of Weiner et al. (24). Six pairs of primers, as summarized in Table 1,
were synthesized and were designed to contain one or two nucleotide changes
that resulted in the mutation of the serine codon. PCR was performed with each
of the six primer pairs using pRN (13) as a template. The PCR products were
subjected to digestion with Dpnl, which digests methylated and hemimethylated
DNA at the G™ATC site, thereby digesting the pRN DNA template. The
undigested PCR products (not methylated) were used to transform competent
XL-1 Blue cells. The mutations in the plasmids were confirmed by nucleotide
sequencing.

To introduce the mutations of rabies virus N into the infectious clone, an Sphl
fragment containing the serine codon of the N from the full-length infectious
clone (pSAD-L16) (nucleotides 482 to 4041 of the rabies virus genome [5]) was
cloned into the Sphl site of pGEM-3Z. The resulting plasmid was used as the
template for construction of the mutants as described above for pRN. The serine
at position 389 was mutated to A, D, or E with the surrogate vector. After
confirmation by sequence analysis, each of the mutated Sphl fragments was
cloned back to pSAD-L16. Three mutated clones with the expected mutation and
correct orientation were obtained and were designated pSAD-L16A, pSAD-
L16D, and pSAD-L16E, respectively.

Transfection. Transfection of BSR cells with plasmids was performed as de-
scribed previously (28). Briefly, BSR cells were infected with recombinant vac-
cinia virus (vVI'F7-3) at a multiplicity of infection (MOI) of 5 PFU per cell. One
hour after infection, cells were transfected with different combinations of mixed
plasmids by using Lipofectamine (Life Technologies, Rockville, Md.). Trans-
fected cells were harvested at various time points for further analysis.

CAT assay. Chloramphenicol acetyltransferase (CAT) activities were mea-
sured with the Quan-T-CAT assay (Amersham Pharmacia Biotech, Piscataway,
N.J.) according to the manufacturer’s protocol. Transfected cells were lysed, and
the supernatants were incubated with biotinylated chloramphenicol and
[*H]acetyl coenzyme A. Then streptavidin-coated beads were added to the re-
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action mixture. After the free radioactive materials were removed, the pellets
were resuspended in scintillation fluid for quantitation by scintillation spectrom-
etry. The CAT activities were expressed as counts per minute. The relative CAT
activities in cells transfected with each of the mutated N proteins were calculated
by using the CAT activity in cells transfected with wild-type (wt) N as 100%.

Radiolabeling and immunoprecipitation of proteins. Transfected or infected
BSR cells were labeled with either [*°S]methionine or [*?P]phosphoric acid
(Amersham Pharmacia Biotech) as described previously (28). Cells were har-
vested and subjected to immunoprecipitation with anti-N antibodies followed by
electrophoresis on 12% polyacrylamide-10% sodium dodecyl sulfate (SDS) gel
and autoradiography.

Northern and Western blotting. Transfected or infected BSR cells and purified
viruses were subjected to Northern and/or Western blotting. For Northern blot-
ting, BSR cells were lysed with Trizon reagent (Life Technologies) and total
RNA was prepared according to the manufacturer’s specifications. Poly(A)™
mRNA was purified from total RNA by using the mRNA isolation kit (Roche,
Indianapolis, Ind.). RNA preparations were denatured with a 10 mM sodium
phosphate buffer (pH 7.4) containing 50% (vol/vol) formamide at 65°C for 15
min and electrophoresed on a 1.1% agarose gel containing 1.1 M formaldehyde
and 10 mM sodium phosphate. The RNA then was transferred and covalently
fixed onto a nylon membrane for hybridization with CAT, rabies virus gene, or
B actin probes. Quantitation of RNA bands was done by densitometry. For
Western blots, BSR cells were lysed with radioimmunoprecipitation assay
(RIPA) buffer, and proteins were directly separated by SDS-polyacrylamide gel
electrophoresis (PAGE). After transfer to a nitrocellulose membrane, rabies
virus N was detected by rabbit anti-N polyclonal antibodies as described previ-
ously (10).

Selection of mutant rabies viruses. Selection of mutant viruses was performed
either in BSR cells infected with vIF7-3 (14) or in BSR T7/5 cells (4, 17). Briefly,
BSR cells were infected with vI'F7-3 at a MOI of 1. One hour later, the cells were
transfected with 10 pg of pRN, 2.5 pg of pRP, 1.5 pg of pT7T-L, and 10 g of
pSAD-L16, pSAD-L16A, pSAD-L16D, or pSAD-L16E. After incubation for
48 h, cells were resuspended with the medium and subjected to three cycles of
freezing and thawing to release cell-associated virus. Vaccinia virus was elimi-
nated by centrifugation and then filtration through a 0.2-wm-pore-size filter unit
(Millipore) as described previously (18). Alternatively, BSR T7/5 cells were
transfected with 10 pg of pSAD-16 or pSAD-L16A, together with 10 pg of
pTIT-N, 2.5 pg of pTIT-P, and 2.5 ng of pTIT-L as described previously (17). To
confirm that the mutant viruses contain the desired mutations, total RNA was
extracted from BSR cells infected with each of these viruses and subjected to
PCR amplification for the N gene using primers 10g (5'CTACAATGGATGCC
GAC3') and 304 (5 TTGACGAAGATCTTGCTCAT3') as described previously
(19). These primers can amplify the complete N coding sequence from the
genomic RNA. The amplified fragment was directly sequenced with primer 113
(5'GTAGGATGCTATATGGG3') (19), which immediately precedes the area
of the mutations on the N gene. The mutant viruses bearing S to A, S to D, and
S to E mutations were designated L16A, L16D, and L16E, respectively.

Virus growth curve. BSR cells growing in six-well plates were infected with wt
or mutant rabies viruses at a MOI of 1 focus-forming unit (FFU)/cell. After
incubation at 37°C for 1 h, virus inocula were removed and cells were washed
with phosphate-buffered saline to remove any unabsorbed virus. The cells were
replenished with fresh medium, and 100 pl of culture supernatant was removed
at 6, 12, 24, 36, 48, 60, and 72 h after infection. Virus aliquots were titrated in
duplicate in BSR cells as described previously (12).

Treatment of infected cells with CHX. Cycloheximide (CHX) was purchased
from Sigma (St. Louis, Mo.) and was added into cells infected with rabies virus
at a final concentration of 150 pg/ml 1 h after infection as described previously
(3). At 6, 12, and 24 h after infection, cells were harvested and RNA was
extracted for Northern blot hybridization.

RESULTS

The effects of N phosphorylation on viral transcription and
replication are due to a combination of the structure of the S
and the net negative charge of the phosphate moiety. Previ-
ously, we demonstrated that phosphorylation of rabies virus N
plays important roles in the process of viral transcription and
replication (28). Mutation of the phosphorylated S to A results
in reduced transcription and replication of a rabies virus mini-
genome. To determine whether the effects of rabies virus N
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FIG. 1. N phosphorylation affects viral RNA transcription in the
minigenome. BSR cells were infected with recombinant vaccinia virus
VvIF7-3 and then transfected with plasmid pRP, pT7T-L, pSDI-CAT
together with pRN (RN), pRN-SA (SA), pRN-SG (SG), pRN-SD
(SD), pRN-SN (SN), pRN-SE (SE), or pRN-SQ (SQ). Cells were
harvested for measurement of CAT activity by the Quan-T-CAT assay.
Error bars, standard deviations.

phosphorylation on viral transcription and replication are
caused by the net negative charge of the phosphate moiety or
the structure of S or both, the phosphorylated serine at posi-
tion 389 of the N was mutated to A, G, D, N, E, and Q. BSR
cells were infected with recombinant vaccinia virus vIF7-3,
followed by transfection with plasmids expressing the rabies
virus minigenome (pSDI-CAT), rabies virus L (pT7T-L), and
rabies virus P (pRP), together with plasmids expressing rabies
virus N or mutant N (pRN, pRN-SA, pRN-SG, pRN-SD,
pRN-SN, pRN-SE, or pRN-SQ), as described previously (6,
28). After incubation for 48 h, BSR cells were harvested, and
CAT activities were measured by using the Quan-T-CAT as-
say. The relative CAT activities, which are a measure of mini-
genome transcription in cells transfected with each of the mu-
tated N plasmids, were calculated by using the CAT activity in
cells transfected with wt N as 100%. The experiment was re-
peated three times, and the average relative CAT activities are
summarized in Fig. 1. The CAT activities relative to that for wt
N were 6, 9, 28, 40, 46, and 62% in cells transfected with
PRN-SG, pRN-SA, pRN-SN, pRN-SD, pRN-SQ, and pRN-
SE, respectively. In cells transfected with all other plasmids but
lacking an N-expressing plasmid, the relative CAT activity was
less than 2%. These results suggest that the effects of N phos-
phorylation on viral transcription and replication are caused by
a combination of the net negative charge of the phosphate
moiety and the structure of the serine residue.

Increasing or decreasing the concentrations of N-expressing
plasmid cannot compensate for the effects of N phosphoryla-
tion on viral transcription and replication. In studying the
effects of phosphorylation of VSV P protein, Spadafora et al.
(21) observed that unphosphorylated P was much less active in
supporting viral transcription at low concentrations. To deter-
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FIG. 2. Effects of N concentrations on viral transcription. BSR cells
were infected with recombinant vaccinia virus VIF7-3 and then trans-
fected with plasmid pRP, pT7T-L, pSDI-CAT together with pRN,
PRN-SA (SA), pRN-SD (SD), or pRN-SE (SE). Various amounts (5,
10, 15, and 20 pg) of N-expressing plasmids were used. Cells were
harvested for CAT assay (top) and Western blotting with anti-N anti-
bodies (bottom).

mine if N concentration has any effect on the ability of the
mutant N proteins to achieve optimal transcription and repli-
cation of the rabies virus minigenome, various amounts (5, 10,
15, and 20 pg) of the plasmids expressing N (pRN) or mutant
N (pRN-SA, pRN-SD, or pRN-SE) were used for transfection,
and the cells were harvested for CAT assay. As shown in Fig.
2, 10 pg of each mutant N-expressing plasmid and 15 g of the
wt N-expressing plasmid (pRN) resulted in optimal CAT ac-
tivities. A larger or smaller amount led to slightly reduced CAT
activities (20%), indicating that increasing or decreasing the
concentration of N does not have a major impact on viral
transcription for either the wt N or the mutant N. To ensure
that the levels of N expressed corresponded to the amount of
N-expressing plasmid added, transfected cells were lysed with
RIPA buffer and the cell lysates were subjected to analysis by
SDS-PAGE, followed by Western blotting using the polyclonal
anti-N antibodies (13). As shown at the bottom of Fig. 2, for wt
N and each of the mutant N proteins, the amount of N ex-
pressed was proportional to the amount of N-expressing plas-
mid added.

Phosphorylation of rabies virus N affects both transcription
and replication of the rabies virus minigenome. In our previ-
ous study (28) and the study described above, only CAT activ-
ities were assayed to measure viral transcription and replica-
tion. To further determine whether N phosphorylation affects
viral transcription or replication or both, Northern blot hybrid-
ization was performed to measure the transcripts and the
genomic analogues in the transfected cells. To measure viral
transcription, total RNA was prepared from transfected cells
and poly(A)" mRNA was purified from the total RNA. To
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FIG. 3. Rabies virus N phosphorylation affects both viral RNA
transcription and replication in the minigenome system. BSR cells
infected and transfected as described for Fig. 1 were harvested for
RNA or protein analysis. mRNA was purified from total RNA, and
genomic analogues were purified from immunoprecipitated RNP with
polyclonal anti-N antibodies. Northern blots prepared from these two
types of RNA preparations were hybridized with a CAT cDNA probe
to assay mRNA transcripts (CAT mRNA) and genomic RNA (both
genomic and antigenomic) analogues. [*>S]methionine- or [**P]phos-
phoric acid-labeled N protein expressed in the cells was immunopre-
cipitated with polyclonal anti-N antibodies and analyzed by SDS-
PAGE.

measure viral replication, transfected cells were extracted with
distilled H,O and the RNP complex was immunoprecipitated
with polyclonal anti-N antibodies. The complex was subjected
to treatment with Trizon reagent to obtain genomic analogues.
The RNA preparations were hybridized with a CAT probe
labeled with [a-*?P][dCTP by nick translation from CAT
cDNA. As shown in Fig. 3, the amounts of CAT transcripts and
the genomic RNA analogues were reduced when the N was
unphosphorylated. The transcription and replication activities
ranged from high to low in the following order: wt N and N
with mutations from S to E, S to D, and S to A. The amounts
of CAT transcripts in the cells transfected with pRN-SA, pRN-
SD, or pRN-SE were 17, 63, and 85% of that in cells expressing
wt N (pRN), respectively. The amounts of genomic analogues
in the cells transfected with pRN-SA, pRN-SD, or pRN-SE
were 12, 55, and 95% of the amount in cells expressing wt N
(pRN), respectively, demonstrating that the synthesis of both
viral transcripts and genomic analogues in the minigenome
system is affected by N phosphorylation.

To exclude the possibility that the reduced transcription and
replication in the cells transfected with mutant N-expressing
plasmids were caused by different levels of N synthesized,
transfected cells were labeled with [*>S]methionine and lysed
with RIPA buffer. The labeled N was immunoprecipitated with
anti-N antibodies and analyzed by SDS-PAGE. As shown in
Fig. 3, similar amounts of N and mutant N were immunopre-
cipitated in the cells transfected with different N constructs. To
confirm that the N mutants are indeed not phosphorylated,
transfected cells were labeled with [**P]phosphoric acid. After
lysis with RIPA buffer, the labeled N was immunoprecipitated
with anti-N antibodies and analyzed by SDS-PAGE. Only the
wt N was phosphorylated, whereas all the mutant N proteins
were not (Fig. 3).

J. VIROL.

Construction and selection of mutant rabies viruses. In the
minigenome system, viral proteins necessary for viral transcrip-
tion and replication were synthesized by T7 polymerase, and
thus their synthesis was not under the control of rabies virus
regulatory machinery. Therefore, it was necessary to determine
the effects of rabies virus N phosphorylation on viral transcrip-
tion and replication in the full-length infectious virus. To this
end, we introduced mutations of S 389 on the N to A, D, and
E into the full-length infectious clone (18). After transfection
of these clones into BSR cells, virus L16 wt as well as mutant
viruses L16D and L16E were obtained. However, L16A was
not rescued in BSR cells. Therefore, we used BSR T7/5 cells
(4) for selection of L16A, and L16A was successfully rescued.
Reverse transcription-PCR and direct sequencing confirmed
that these mutant viruses contained the desired mutations. The
genomic RNA of the wt virus (L16) retained the codon for S
(UCU) at position 389, whereas the genomic RNAs from
L16A, L16D, and L16E viruses have the S (UCU) replaced
with A (GCU), D (GAU), and E (GAA), respectively. To
confirm that the mutant viruses express unphosphorylated N,
BSR cells infected with each of the viruses were labeled with
either [*>S]methionine or [*?*P]phosphoric acid and subjected
to immunoprecipitation and PAGE analysis. As for the mini-
genome system, [>°S]methionine-labeled N was detected in
BSR cells infected with each of the viruses, whereas [>?P]phos-
phoric acid-labeled N was detected only in BSR cells infected
with L16 (data not shown), indicating that mutation of serine
at position 389 abolishes N phosphorylation in the full-length
infectious virus.

The mutant rabies viruses replicate more slowly than the wt
virus. Initially, wt rabies virus (L16) and mutant viruses L16D
and L16E grew to high titers (>10” FFU/ml) in BSR cells at
37°C, but L16A grew poorly (titers of <10* FFU/ml). To over-
come this difficulty, L16A was propagated in BSR cells at 31°C
as described for mutant VSV (26), and L16A grew to higher
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FIG. 4. Virus growth curves. BSR cells were infected with wt (L16)
and mutant virus (L16A, L16D, or L16E) at a MOI of 1 FFU/cell, and
virus aliquots were removed at indicted time points and subjected to
virus titration as described in Materials and Methods.
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FIG. 5. Detection of viral transcripts and genomic RNA with either rabies virus N or G probe. Total RNA was prepared from BSR cells infected
with L16, L16A (A), L16D (D), or L16E (E) and was hybridized with the N probe (left) or the G probe (right). The respective mRNAs, the genomic
RNA, and the possible RT transcripts and DI RNA are also indicated. The total RNA was also hybridized with a B actin probe (bottom). The
amounts of N and G transcripts and genomic RNA products in relation to those for the wt virus were quantitated by densitometry.

titers (>10° FFU/ml). The growth curves of the wt and mutant
rabies viruses were investigated by infecting BSR cells at 37°C
with each of the viruses at a MOI of 1 FFU per cell. As shown
in Fig. 4, the wt virus (L16) consistently grew better than the
mutant viruses and reached a titer of more than 10° FFU/ml at
the peak of virus production (60 h). At this time, the rate of
growth for the mutant viruses lagged behind, particularly that
of L16A. Its yield was only 10° PFU/cell, at least 4 log units
(10,000 times) lower than that of the wt virus. These data
indicate that N phosphorylation promotes virus production,
possibly through regulation of rabies virus transcription and
replication.

N phosphorylation modulates both viral transcription and
replication in the full-length infectious rabies virus. The
growth curve data presented in Fig. 4 indicate that growth of
the mutant viruses with unphosphorylated N, particularly mu-
tant virus L16A, was severely reduced. This could result from
the inhibition of viral transcription or replication or both. To
investigate if both viral transcription and replication are af-
fected in the mutant infectious rabies viruses, BSR cells were
infected at a MOI of 1 with wt virus L16 as well as mutant
viruses L16A, L16D, and L16E. Total RNA isolated 40 h
postinfection was analyzed by Northern blot hybridization us-
ing probes made from both the N (10) and the G cDNAs (11).

These probes can distinguish the N and G transcripts (1.4 and
1.8 kb) from the genomic RNA (12 kb). As illustrated in Fig.
5, each probe detected both genomic RNA and N or G tran-
scripts. In addition, readthrough (RT) transcripts or defective-
interfering (DI) RNA or both were also detected. The bands
immediately above the N or the G transcripts, when hybridized
with either G or N probes, may represent RT transcripts. The
band immediately below the genomic RNA, when hybridized
with the G probe, may represent an RT transcript (G or L) or
DI RNA. For the L16A virus, the amounts of viral genomic
RNA and transcripts were 10 to 12% and 21 to 28% of those
for the wt virus, respectively. For the L16D virus, the amounts
of viral genomic RNA and transcripts were 41 to 45% and 60
to 65% of those for the wt virus, respectively. For the L16E
virus, the amounts of viral genomic RNA and transcripts were
100% of those for the wt virus. Generally, the levels of inhibi-
tion in viral replication (10 to 12% and 41 to 54%) were more
severe than those of inhibition in transcription (21 to 28% and
60 to 65%) in cells infected with L16A and L16D viruses.
These observations, together with the data obtained from the
minigenome system, indicate that unphosphorylated N results
in reduction of viral replication. In the minigenome system
viral replication is not dependent on viral transcription because
N transcription was under control of T7 polymerase and the
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FIG. 6. N phosphorylation also modulates viral transcription. BSR cells were infected with L16, L16A (A), L16D (D), or L16E (E); treated 1 h
later either without (A) or with (B) CHX; and harvested at the indicated time points for total-RNA isolation. The RNA was hybridized with an
N probe. The respective mRNAs, the genomic RNA, and the possible RT transcripts are also indicated. The total RNA was also hybridized with
a B actin probe (bottom). The amounts of N transcripts in relation to that for the wt virus were quantitated by densitometry.

level of unphosphorylated N was similar to that of the wt N.
Yet the amounts of genomic RNA are reduced when the N is
not phosphorylated (Fig. 2), demonstrating that N phosphor-
ylation is required for optimal viral replication.

To further determine if N phosphorylation also affects viral
transcription, we sought to uncouple the transcription process
from the replication process by inhibiting de novo protein
synthesis in the infected cells with CHX. BSR cells were in-
fected with each of the viruses at a MOI of 3 FFU per cell, and
at 1 h after infection CHX was added to the culture medium at
a final concentration of 150 pg/ml to completely inhibit protein
synthesis (3). Infected cells without treatment with CHX were
included as controls. At 6, 12, and 24 h after infection, cells
were harvested and RNA was extracted for Northern blot
hybridization with the rabies virus N probe. Without CHX, all
the viruses replicated because the amounts of genomic RNA
increased for each of the viruses as a function of time (Fig.
6A). The efficiency in viral transcription and replication for
each of the viruses was similar to that shown in Fig. 5 at each
time point. With the addition of CHX to the culture medium,

virus replication was inhibited because the amount of genomic
RNA did not increase for any of the viruses at each of the time
points (Fig. 6B). Furthermore, rabies virus N protein synthesis
was inhibited in BSR cells treated with CHX (data not shown).
However, the amounts of transcripts for each of the viruses
increased during the same period of time. Quantitation of the
transcripts at each time point for each of the viruses in relation
to the amount for wt L16 indicated that the transcription
efficiencies for L16A, L16D, and L16E were 8 to 12%, 53 to
65%, and 91 to 100%, respectively, of that for wt virus L16.
The results demonstrate definitively that unphosphorylated N,
except the N with mutation from S to E, also inhibits viral
transcription.

Unphosphorylated N did not alter the ratio between the
genomic RNA and the antigenomic RNA. We previously
showed that unphosphorylated N bound more strongly to the
leader RNA than the phosphorylated N (28). Therefore, it is
possible that N phosphorylation plays a role in viral transcrip-
tion and replication by encapsidating more antigenomic RNA
than genomic RNA. This is because the unphosphorylated N,
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FIG. 7. Quantitation of the ratio between genomic RNA and anti-
genomic RNA in the infected cells and purified virions. Total RNAs
from infected cells or purified virions were hybridized with either the
sense probe or the antisense riboprobes prepared from pRN by in vitro
transcription. The levels of genomic and antigenomic RNA were de-
termined by densitometry.

due to its stronger binding to the antigenomic RNA (28), the
first step in viral replication, may reduce the synthesis of the
progeny negative-strand genomic RNA, thus changing the ra-
tio of genomic to antigenomic RNA. To test this hypothesis,
total RNA extracted from BSR cells infected with the wt or
mutant viruses were subjected to Northern blot hybridization
with sense (transcribed by T7 polymerase) or antisense (tran-
scribed by SP6 polymerase) riboprobes made from the pRN
template. RNA was also prepared from virions purified from
BSR cells infected with each of the viruses. The ratios of
genomic RNA to antigenomic RNA in the infected cells for the
wt and mutant viruses were roughly similar (3:1) (Fig. 7). The
ratios for these viruses found in the purified virions were also
similar (16:1 to 19:1). These data indicate that N phosphory-
lation probably does not affect the encapsidation and packag-
ing of the genomic RNA and the antigenomic RNA.

DISCUSSION

The major finding of the present study, i.e., that both rabies
virus transcription and replication are reduced when the phos-
phorylated serine of the N is mutated, has been demonstrated
both in the minigenomic system and with infectious viruses.
When N was unphosphorylated, the rates of transcription and
replication were reduced as much as 10-fold compared to those
with phosphorylated N. The viral yield for these mutant viruses
was reduced as much as 10,000-fold, particularly when the
phosphorylated S was mutated to A. These data suggest that
phosphorylation of rabies virus N, although not absolutely nec-
essary, is important in modulation of rabies virus transcription
and replication. Furthermore, interpretation of the data also
suggests that the effects of phosphorylation of rabies virus N on
viral transcription and replication are due to a combination of
the structure of the serine and the net negative charge of the
phosphate moiety. Mutation of the phosphorylated serine to
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neutral amino acids A and G reduced viral transcription and
replication by as much as 10-fold. Alternatively, mutation of
the phosphoserine to D or E, both of which contain acidic side
chains that are negatively charged at physiological pH, re-
stored the viral transcription and replication activities to more
than 60 and 80% of those with phosphorylated N. However,
when the S was mutated to N or Q, both of which have struc-
tures similar to those of D and E but lack the negative charge,
viral transcription activities were reduced by at least one-third
but were still higher than those resulting from S to A or S to G
mutations. Furthermore, the fact that mutant virus L16A grow
better at 31°C than at 37°C indicates the temperature sensitiv-
ity of the mutant virus. These results suggest that both the
structure of the amino acid and the net negative charge of the
phosphate moiety are important for viral transcription and
replication.

Rabies virus N, like its counterpart in VSV, plays vital roles
in regulating viral RNA transcription and replication by en-
capsidating de novo-synthesized viral genomic RNA (23, 25,
27). The fact that rabies virus N, but not VSV N, is phosphor-
ylated has raised questions as to how the phosphorylation is
involved in the regulation of rabies virus RNA transcription
and replication (27). One possible scenario is that N phosphor-
ylation results in a switch from the viral transcription mode to
the replication mode. If that is the case, then unphosphory-
lated N would not affect or might even stimulate viral tran-
scription but could inhibit viral replication. Thus, it is impor-
tant for us to address whether N phosphorylation affects viral
transcription, replication, or both. Quantitation of viral tran-
scripts and genomic RNA in the minigenome and the infec-
tious virus indicated that both viral transcript and genomic
RNA (or analogue) levels were reduced when N was not phos-
phorylated (Fig. 2 and 5). However, these data do not neces-
sarily mean that phosphorylated N favors both viral transcrip-
tion and replication because of the inherent complexity of viral
transcription and replication in the infected cells (23). Reduc-
tion in viral genome replication results in fewer templates for
transcription, and this likely decreases the accumulation of
viral mRNA. On the other hand, reduction in transcription
reduces the N pool and eventually leads to reduction in repli-
cation. Nevertheless, it could be concluded from the data,
particularly those for the minigenome system, that phosphor-
ylated N favors viral replication. We have observed that viral
replication is reduced when the N is not phosphorylated in the
minigenome system (Fig. 2) despite the fact that, in the mini-
genome system, viral replication is not dependent on viral
transcription because N transcription is under the control of
T7 polymerase. Indeed, immunoprecipitation indicated that
the level of unphosphorylated N was similar to that of the wt N
in the minigenomic system.

To further demonstrate if and how N phosphorylation also
affects viral transcription, we uncoupled viral transcription
from viral replication by inhibiting protein synthesis by treating
infected cells with CHX. Viral replication is dependent on the
de novo synthesis of viral N protein while transcription is not
(25). Under these conditions, viral replication was reduced but
transcription was not (Fig. 6), which allowed us to assess the
effects of N phosphorylation on viral transcription independent
of viral replication. Our data demonstrate that N phosphory-
lation also modulates viral transcription because viral tran-
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scription was inhibited by almost 90% when N was not phos-
phorylated, particularly when the phosphorylated S was
mutated to A. Thus our data demonstrate that N phosphory-
lation favors both viral transcription and replication.

As in all the single-stranded negative-sense RNA viruses, in
rabies virus the RNP complex is the infectious unit (27). The
complicated interaction between the components within the
RNP complex brings about rabies virus transcription and rep-
lication (23, 25). Previously, we demonstrated that dephospho-
rylated rabies virus N encapsidated more leader RNA than
phosphorylated N (28). Mutation of the serine at position 389
of the rabies virus N to alanine also resulted in increased
binding to leader RNA in comparison to that for wt N. In the
present study, we demonstrated that N phosphorylation affects
both viral transcription and replication. It is thus possible that
strong binding of unphosphorylated N to RNA may prevent L
from gaining access to the genomic RNA to initiate viral tran-
scription and replication. Although N remains bound to
genomic RNA during the transcription and replication pro-
cesses through the phosphate backbone (8), the template-as-
sociated N has to unfold transiently so that L can gain contact
with the template RNA (1). We propose that N phosphoryla-
tion weakens the interaction between N and genomic RNA
and therefore enables the L to gain access to and bind the
RNA template to initiate transcription and replication. This
hypothesis is supported by our data for both the minigenomic
system and the infectious virus. When the phosphorylated S
was mutated to neutral amino acids A and G, viral transcrip-
tion and replication were reduced the most. When the phos-
phorylated serine was mutated to the negatively charged D or
E, transcription and replication activities were restored to
more than 60 to 90% of the levels with wt N. The amounts of
transcription and replication products in cells infected with
mutant virus L16E (S changed to E) were essentially equiva-
lent to those in cells infected with the wt virus L16. This
occurred even though the virus production in cells infected
with L16E was slightly less than that in cells infected with L16.
Because the genomic RNA is the template for both transcrip-
tion and replication (23), it is conceivable that phosphorylated
N facilitates the initiation of both transcription and replication.

Because N phosphorylation affects its efficiency for encapsi-
dating leader RNA (28), it is possible that N phosphorylation
leads to encapsidation of more antigenomic than genomic
RNA (25). Unphosphorylated N, by strongly binding to the
antigenomic RNA, the first step in viral replication, may re-
duce the synthesis of the genomic RNA. We determined the
ratio between genomic RNA and antigenomic RNA in the
infected cells as well as in the purified virions by Northern
hybridization, using sense or antisense riboprobes. The ratio
between genomic RNA and antigenomic RNA remained con-
stant in cells (approximately 3:1) infected with the wt virus or
with one of the mutant viruses. The ratios between genomic
and antigenomic RNA in the purified virions from all of the
viruses were also similar (approximately 20:1). The ratio of the
genomic RNA to antigenomic RNA measured in this study was
different from that (50:1) reported previously (9). The discrep-
ancy may be due to the methods of quantitation used in these
two studies. The RNA was quantitated by densitometry in the
present study, whereas the RNA was quantitated by phosphor-
imaging in the previously reported study (9). Nevertheless, the
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FIG. 8. Proposed model of N phosphorylation and its function in
viral transcription and replication. N, once synthesized, interacts with
P and/or L. At this stage, the N is not phosphorylated. It is possible that
through the interaction of N with (encapsidation of) genomic RNA,
the N goes through conformational changes, which expose the site for
phosphorylation. Once the N is phosphorylated, the charge repulsion
between the genomic RNA and N helps the L gain access to the
genomic template for the initiation of viral RNA transcription and
replication.

data reported in this study indicate that N phosphorylation
does not affect the encapsidation of either the genomic or the
antigenomic RNA.

Recently, Kawai et al. (15) reported that phosphorylated N
is detected only in the nucleocapsid, whereas N in the free-N
pool (mostly in the N-P complex) is not phosphorylated. Based
on that study and our data presented in this paper, a model to
explain how rabies virus N is phosphorylated and how phos-
phorylation of rabies virus N modulates viral transcription and
replication emerges (Fig. 8). N is not phosphorylated as free N
or as part of the N-P heterocomplex, possibly because of its
conformation. It is possible that the phosphorylation site is
buried at this stage. It is advantageous for the N not to be
phosphorylated before encapsidating genomic RNA because
unphosphorylated N has higher affinity for genomic RNA than
does phosphorylated N (28). The interaction (encapsidation)
of genomic RNA with the N-P complex may induce conforma-
tional changes of N, enabling N to interact with kinase or
expose serine 389 for phosphorylation or both. Phosphoryla-
tion of N in turn may affect the interaction between N and the
genomic RNA. Following phosphorylation, the charge repul-
sion between the negatively charged phosphoserine and the
negatively charged RNA may weaken the interaction between
N and RNA. This could enable L to gain access and bind to
genomic RNA, thereby initiating viral RNA transcription and
replication. Evidence that supports this model comes from
studies showing that unphosphorylated N binds to genomic
RNA more strongly than does phosphorylated N (28) and that
the phosphorylation site (residue 389) is close to the putative
RNA-binding domain (residues 289 to 352) (16). Unphosphor-



VoL. 76, 2002

ylated N, because of tighter binding with RNA, could prevent
the L from gaining access to the genome template. Conse-
quently, the efficiency of viral RNA transcription and replica-
tion is reduced.
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