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Rotavirus NSP5 is a nonstructural protein that localizes in cytoplasmic viroplasms of infected cells. NSP5
interacts with NSP2 and undergoes a complex posttranslational hyperphosphorylation, generating species with
reduced polyacrylamide gel electrophoresis mobility. This process has been suggested to be due in part to
autophosphorylation. We developed an in vitro phosphorylation assay using as a substrate an in vitro-
translated NSP5 deletion mutant that was phosphorylated by extracts from MA104 cells transfected with NSP5
mutants but not by extracts from mock-transfected cells. The phosphorylated products obtained showed shifts
in mobility similar to what occurs in vivo. From these and other experiments we concluded that NSP5 activates
a cellular kinase(s) for its own phosphorylation. Three NSP5 regions were found to be essential for kinase(s)
activation. Glutathione S-transferase–NSP5 mutants were produced in Escherichia coli and used to determine
phosphoacceptor sites. These were mapped to four serines (Ser153, Ser155, Ser163, and Ser165) within an acidic
region with homology to casein kinase II (CKII) phosphorylation sites. CKII was able to phosphorylate NSP5
in vitro. NSP5 and its mutants fused to enhanced green fluorescent protein were used in transfection exper-
iments followed by virus infection and allowed the determination of the domains essential for viroplasm
localization in the context of virus infection.

Rotaviruses are double-stranded RNA viruses of the family
Reoviridae causing diarrhea worldwide in several species, in-
cluding humans (3, 4). Infective particles replicate in the cyto-
plasm of infected cells. Following infection, loss of the outer
shell activates the virus transcriptase activity to produce viral
mRNAs (11, 18). These RNAs direct the synthesis of virus-
encoded proteins and serve as templates for the synthesis of
genomic double-stranded RNA (replication). This step takes
place in particular structures called viroplasms. Viroplasms
also support the assembly of new particles in a process coupled
to replication (21). NSP2 and NSP5 are two nonstructural
proteins that localize in viroplasms, together with the struc-
tural proteins VP1, VP2, VP3, and VP6 (24, 32). NSP2 and
NSP5 were shown to interact in virus-infected cells as well as in
cells transfected with the two proteins. In the latter case, this
interaction leads to the formation of viroplasm-like structures
(VLS) (9) and enhancement of NSP5 phosphorylation (1). In
addition, in virus-infected cells, the virus polymerase VP1 was
found associated with NSP2 and NSP5 (1). NSP2, self-assem-
bled into homomultimers (27, 30), has recently been associated
with a nucleoside triphosphatase activity (28) and shown to
have helix-destabilizing activity, suggesting a possible role in
viral RNA unwinding (14, 29).

NSP5, encoded in genome segment 11, is a phosphorylated
and O-glycosylated serine- and threonine-rich protein (2, 12)
of 198 amino acids with a molecular mass of 26 to 28 kDa. This
protein shows an extraordinary level of phosphorylation that

confers different electrophoretic mobilities in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), pro-
ducing isoforms ranging from 28 to 32-34 kDa (2, 5, 25). We
have previously reported that in vivo hyperphosphorylation of
NSP5 is up-regulated by NSP2 (1). Based on indirect evidence,
we and others have suggested that NSP5 has autophosphory-
lation activity (1, 6, 9, 25, 31).

In this report, we address the phosphorylation, kinase activ-
ity, and viroplasm localization of NSP5. Five important aspects
were characterized: (i) activation of an NSP5-specific cellular
kinase(s) responsible for NSP5 hyperphosphorylation, (ii)
NSP5 domains involved in kinase activation, (iii) NSP5 phos-
phorylation sites, (iv) NSP5 phosphorylation by casein kinase
II (CKII), and (v) carboxy-terminal domains responsible for
NSP5 localization to viroplasms.

MATERIALS AND METHODS

Cells, viruses, and transient transfections. MA104 cells were routinely cul-
tured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum (Gibco). The simian rotavirus strain SA11 was propagated and grown in
MA104 cells as described previously (8). To prepare cellular extracts, cells were
transfected essentially as described by Afrikanova et al. (1). Briefly, 5 � 105 cells
growing on a 35-mm-diameter petri dish were infected with T7 recombinant
vaccinia virus (strain vTF7.3) (10) and 1 h later transfected with 5 �l of Trans-
fectam reagent (Promega) containing 2 �g of plasmid DNA. At 16 h posttrans-
fection, the cells were washed twice with phosphate-buffered saline (PBS), lysed
in 60 �l of TNN lysis buffer (100 mM Tris-HCl [pH 8.0], 250 mM NaCl, 0.5%
NP-40, and 1 mM phenylmethylsulfonyl fluoride) for 10 min at 4°C, and centri-
fuged at 10,000 � g for 5 min. The supernatants were used as cellular extracts in
the kinase assays. For immunofluorescence with enhanced green fluorescent
protein (EGFP), cells were grown on a 35-mm-diameter petri dish, transfected
with 7.5 �l of Transfectam reagent containing 5 �g of plasmid DNA, and
infected 48 h later with rotavirus for 5 h.

Immunofluorescence microscopy and antibodies. For indirect immunofluores-
cence microscopy, cells were fixed in 3.7% paraformaldehyde in PBS for 10 min
at room temperature. Coverslips were dehydrated in PBS and blocked with 1%
bovine serum albumin in PBS for 30 min and incubated with guinea pig anti-
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NSP2 serum (1:100) in PBS–1% bovine serum albumin for 1 h in a moist
chamber at room temperature. After three washings in PBS, the slides were
stained for 45 min with rhodamine isothiocyanate-conjugated goat anti-guinea
pig antibody (Sigma), washed, and mounted with ProLong mounting medium
(Molecular Probes). Samples were analyzed by confocal microscopy (Axiovert;
Carl Zeiss). Anti-NSP5 and anti-NSP2 sera were obtained by immunization of
guinea pigs with glutathione S-transferase (GST)-NSP5 or GST-NSP2 fusion
proteins essentially as described previously (12).

Plasmid constructs. The constructs pEGFP-NSP5, pEGFP-�1, pEGFP-�2,
pEGFP-�3, pEGFP-�4, pEGFP-�1/�3, and pEGFP-�T were obtained by PCR
from previously described constructs (1, 9) by using specific primers to incorpo-
rate EcoRI and PstI restriction sites at the N- and C-terminal ends, respectively.
Similar oligonucleotides were used to construct pEGFP-�1/�4T and pEGFP-
�4T. All these fragments were cloned as EcoRI/PstI fragments in pEGFP-N1
(Clontech). Internal-deletion mutants were obtained by PCR using specific in-
ternal primers for the construction of pT7v-�1/�4T, pT7v-�1/�3, and pT7v-4T
and were cloned as KpnI/BamHI fragments into pcDNA3 (Invitrogen). pT7v-
His6-�1/�3 and pT7v-His6-�1 were obtained by inserting the His6 tag at the N
terminus with the oligonucleotides 5�-AGCTTGTACCATGGGTCATCACCA
TCACCATCATGGTAC-3� and 5�-CATGATGGTGATGGTGATGACCCAT
GGTACA-3� ligated into HindIII/KpnI sites. pT7v-His6-�1/�3 (S3A) and the
other serine mutants were obtained by double-step PCR using internal oligonu-
cleotides and were cloned as KpnI/BamHI fragments into pT7v-(His)6. pEGFP-
�1/�3(S3A) was obtained by insertion of a linker sequence into pEGFP-N1
(5�-AATTCCTGGTACCACACTGCAGGTAAGG-3� and 5�-GATCCCTTA
CCTGACGTGTGGTACCAGG-3�) followed by cloning of a KpnI/PstI fragment
from pT7v-His6-�1/�3 (S3A). GST-NSP5 was obtained by cloning a BamHI
fragment of NSP5 in pGex2T (Pharmacia). Similarly, GST-�2, -�3, -�4, -�T,
-�4T, -�1/�3, and -4T were obtained by cloning the respective fragments (KpnI/
BamHI) into a modified pGex2T vector to include the BamHI and KpnI sites.

Oligonucleotides. The internal primers used for the construction of the pT7v
mutants were 5�-AATGGTACCATGATTGGTAGGAG-3� and 5�-GATCAGC
GAGCTCTAGC-3� for pT7v-�1/�3, 5�-CGGGGTACCATGGATAATAAAAA
GGAG-3� and 5�-GCGGGATCCTTACAAATCTTCGATC-3� for pT7v-4T, and
5�-AATGGTACCATGATTGGTAGGAG-3� and 5�-TTACTGCAGAGTTGA
GATTGATAC-3� for pT7v-�1/�4T. The oligonucleotides used for amplification
of fragments inserted in pEGFP-NSP5, pEGFP-�2, pEGFP-�3, and pEGFP-�4
were 5�-CCGGAATTCATGTCTCTCAGCATTG-3� and 5�-GATCCTTACTC
GAGCAAATCTTCGATCAATTGCA-3�. The oligonucleotides for pEGFP-�1
and pEGFP-�1/�3 were 5�-CGGGAATTCATGATTGGTAGGAG-3� and 5�-
GATCCTTACTCGAGCAAATCTTCGATCAATTGCA-3�. The oligonucleo-
tides for pEGFP-�T were 5�-CCGGAATTCATGTCTCTCAGCATTG-3� and
5�-TTACTGCAGGTACTTTTTC-3�. The oligonucleotides for pEGFP-4T were
5�-CGGGAATTCATGGATAATAAAAAGGAGAAATCC-3� and 5�-GATCC
TTACTCGAGCAAATCTTCGATCAATTGCA-3�. The oligonucleotides for
the construction of pT7v-His6-�1/�3 (S3A) and the other serine mutants were
5�-TCAGCATCTGCATCATCTAAAACATAATCTTC-3� and 5�-GATGCTG
ACGCTGAAGATTATGTTTTAGATGA-3�.

Expression of GST fusion proteins. GST fusion proteins were produced in
Escherichia coli DH5�. Cultures were induced with 3 mM IPTG (isopropyl-�-
D-thiogalactopyranoside) for 3 to 4 h at 37°C. The bacteria were centrifuged, the
pellet was washed with ice-cold PBS and resuspended in 1.5% laurylsarcosine-
PBS, and 0.1 �g of lysozime/�l, 0.1 �g of chymostatin, leupeptin, aprotinin, and
pepstatin/�l, and 5 mM dithiothreitol (DTT) were added for sonication (six
times for 10 s each time). The supernatant was supplemented with 1% Triton
X-100 in PBS, and equilibrated slurry beads (Glutathione Sepharose 4 Fast Flow;
Amersham Pharmacia Biotech) were added. After rolling for 1 h at 4°C, the
sample was centrifuged at 1,000 � g for 5 min at 4°C and washed three times with
20 volumes of PBS–1%Triton X-100. Elution was performed with 2 volumes of
elution buffer (50 mM Tris-HCl [pH 8], 150 mM NaCl, 5 mM DTT, 0.1% Triton
X-100, 50 mM reduced glutathione).

Purification of His6-tagged proteins. Transfected cellular extracts were incu-
bated for 1 h at 4°C with nickel beads (nitrilotriacetic acid-agarose; Amersham
Pharmacia Biotech) equilibrated in 5 volumes of loading buffer (20 mM imida-
zole–5 mM DTT in PBS). The beads were washed with 10 volumes of washing
buffer (35 mM imidazole–5 mM DTT in PBS) and once with 35 mM imidazole,
400 mM NaCl, and 5 mM DTT in PBS. The protein was eluted with 2 volumes
of elution buffer (250 mM imidazole–0.02% sodium azide–5 mM DTT in PBS)
and dialyzed in PBS containing 5 mM DTT. The recovered protein was analyzed
by Western blotting using guinea pig anti-NSP5 sera.

In vitro translation. The in vitro-translated proteins were synthesized essen-
tially as described by Afrikanova et al. (2) using the TNT-T7 Coupled Reticu-
locyte Lysate System (Promega). Briefly, 1 �g of plasmid construct was tran-

scribed using T7 RNA polymerase, and the transcript was translated in rabbit
reticulocyte lysates in the presence of 4 �l (1,000 Ci/mmol) of [35S]methionine
and incubated for 1.5 h at 30°C.

In vitro phosphorylation assays. The in vitro phosphorylation assay was per-
formed in a total volume of 50 �l containing 10 �l of in vitro-translated proteins,
15 �l of cellular extract, 5 �l of kinase buffer (500 mM Tris-HCl [pH 8], 15 mM
spermidine, 80 mM MgCl2, 10 mM DTT, 5 mM ATP, and 50% glycerol). The
reaction mixture was incubated for 25 min at 37°C, stopped with 5 �l of 50 mM
EDTA, and immunoprecipitated with a guinea pig anti-NSP5 serum. For the
assay with the GST fusion proteins, reactions were carried out in 50 �l of the
same reaction buffer containing 0.2 �g of GST fusion protein, 1 �l of cellular
extract, and 10 �Ci of [�-32P]ATP (3,000 Ci/mmol) (Amersham). For the CKII
assay, the substrates were incubated in a total volume of 50 �l of a reaction buffer
containing 50 mM HEPES (pH 7.8), 10 mM MgCl2, 150 mM NaCl, 0.5 mM
DTT, 4 �M ATP supplemented with 1 �Ci of [�-32P]ATP (3,000 Ci/mmol) and
5 U of recombinant GST-CKII�/GST-CKII� (26). Incubation was for 25 min at
30°C. �-Casein was used as a control at 100 ng per reaction. We established the
correspondence between the activities of CKII and the �1/�3 cellular extract,
using the GST-�1 fusion as a substrate: 1 �l of cellular extract corresponded to
approximately 0.7 U of recombinant CKII, measured under the conditions of
either the in vitro phosphorylation assay or the CKII assay. Where indicated,
	-phosphatase (	-Ppase) treatment was performed on immunoprecipitates in
50-�l reaction volumes containing 50 mM Tris-HCl [pH 7.8], 5 mM DTT, 6 mM
MnCl2, and 2 �l of 	-Ppase (400,000 U/ml; New England Biolabs) with incuba-
tion at 30°C for 2 h.

In vivo 32P labeling. The 32P labeling of 5 � 105 transfected cells was per-
formed 15 h posttransfection. The cells were washed three times in phosphate-
free minimal essential medium and then starved for 30 min in 1 ml of the same
medium. Then, 30 �l of carrier-free 32Pi (10 mCi/ml; Amersham Pharmacia
Biotech) was added, incubation was continued for 1 h at 37°C, and the cells were
lysed as described above.

Immunoprecipitations and PAGE analysis. Kinase reaction mixtures (50 �l)
and cellular extracts (50 �l) were immunoprecipitated by the addition of 1.5 �l of
guinea pig anti-NSP5 serum, 1 �l of 100 mM phenylmethylsulfonyl fluoride, 50 �l
of 50% protein A–Sepharose CL-4B beads (Pharmacia) in TNN buffer, and 50 �l
of TNN buffer for 2 h at 4°C. The beads were washed three times with TNN buffer,
and samples were analyzed by SDS-PAGE (17). Visualization of 35S-labeled
proteins was enhanced by fluorography using Amplify (Amersham). Autoradiog-
raphy was performed at 
70°C using X-ray film (Kodak X-OMAT AR).

RESULTS

NSP5 activates cellular kinase(s). The complex pattern of
NSP5 phosphorylation in virus-infected cells has been pro-
posed to be due, in part, to autophosphorylation. However, no
clear evidence of NSP5 enzymatic activity has been reported.
To investigate the putative NSP5 kinase activity, we developed
an in vitro phosphorylation assay which allowed us to obtain
the characteristic PAGE mobility shift of hyperphosphorylated
NSP5 (2). We selected as a substrate in this assay the in vitro-
translated NSP5 mutant �1 (Fig. 1 provides a description of all
mutants) for the following reasons: (i) it appears as a nonhy-
perphosphorylated band of �20 kDa in SDS-PAGE (Fig. 2A,
lane 1), (ii) it becomes hyperphosphorylated when expressed in
transfected MA104 cells (1, 9) in a way that is similar to wild-
type NSP5 in infected cells, and (iii) it is the most efficiently
phosphorylated of all mutants tested.

The kinase activity, determined as the capability to induce
PAGE mobility shift of 35S-labeled �1 protein, was investi-
gated in cellular extracts derived from either untransfected
cells or cells transfected with NSP5 or NSP5 deletion mutants.
Extracts containing mutants �1, �3, and �1/�3, but not ex-
tracts from mock-transfected cells, had phosphorylation activ-
ity (Fig. 2A). In agreement with this result, these three mutants
are hyperphosphorylated in vivo in transfected cells (9) (see
Fig. 4C). Conversely, extracts from cells transfected with wild-
type NSP5 showed a marginal effect, consistent with its low
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phosphorylation in transfected cells, in the absence of viral
replication (1).

Treatment with 	-Ppase confirmed that PAGE mobility
changes corresponded to hyperphosphorylated forms of the
substrate (Fig. 2B). Interestingly, extracts transfected with the
two mutants that lack region 3 (�3 and �1/�3) showed the
highest phosphorylation activities. Extracts from cells trans-
fected with other mutants, such as �2, �4, �T, or �1/�3/�T,
did not show significant activity. Table 1 shows the activities of
all mutants tested. In all cases, similar amounts of transfected
proteins were used, as judged by Western blot analysis. From
these results, it appears that domains 2, 4, and T are absolutely
required for extract activities. Also, other mutants were tested
as substrates in this assay (Table 1).

The phosphorylated shifted forms of �1 were only achieved
with extracts from cells transfected with NSP5 mutants that
showed hyperphosphorylation in vivo. This result suggested
that either the activity resides in the transfected protein itself
or the transfected protein induces or activates an otherwise-
inactive cellular kinase(s).

To discriminate between these two hypotheses, a His6-
tagged version of the �1/�3 protein was purified from trans-
fected cellular extracts on a nickel column. The purified pro-
tein was analyzed by Western immunoblotting (not shown). As

shown in Fig. 2C, the cellular extract containing His6-�1/�3
showed phosphorylation activity (lane 5) while the same
amount of the purified protein did not (lane 7).

The possibility that the transfected NSP5 mutant is com-
plexed with a cellular kinase, thus activating phosphorylation
of NSP5 itself, seems unlikely, since addition of purified His6-
�1/�3 to a mock cellular extract did not reconstitute the ac-
tivity (Fig. 2C, lane 6). This suggests that expression of the
protein is necessary to promote activation of the cellular ki-
nase(s). Hyperphosphorylation of NSP5 in virus-infected cells
also occurs in the presence of actinomycin D, indicating that
transcription of cellular genes is not required for the emer-
gence of the kinase activity (data not shown). Phosphorylation
and the capacity to activate the cellular kinase(s) appear to be
distinct characteristics of NSP5. Indeed, mutation of four
serine residues within domain 4 [mutant �1/�3(S3A)], which
completely abolished phosphorylation of the protein expressed
in vivo (see below), did not affect its ability to activate the
cellular kinase(s) (Fig. 2C).

Mapping phosphorylation sites of NSP5. In order to map
the phosphorylation sites on NSP5, we constructed a variety of
NSP5 deletion mutants as GST fusion proteins. None of these
proteins produced in bacteria showed any phosphorylation ac-
tivity (Fig. 3) nor were they phosphorylated by His6-�1/�3

FIG. 1. Schematic representation of NSP5 and mutants. The dashed lines correspond to deleted regions. A, Ser3Ala mutations.
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FIG. 2. In vitro phosphorylation assay. Analysis of immunoprecipitates of in vitro-translated, [35S]methionine-labeled mutant �1. (A) Substrate
was incubated with cellular extracts from cells transfected with the indicated mutants; mock, extracts from cells transfected with the same plasmid
without the insert. 
, no addition. (B) 	-Ppase treatment as indicated (�, treated; 
, untreated). (C) Purified His6-�1/�3 was obtained by nickel
column purification, and the same amount was used in lanes 5, 6, and 7. cell. extr., cellular extracts. The arrowheads indicate the unphosphorylated
�1 substrate, and the vertical brackets indicate the positions of mobility-shifted phosphorylated forms. 
, no addition.
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purified from transfected cells (data not shown). This evidence
supports the idea that NSP5 does not have kinase activity.
However, some of the mutants, as well as wild-type NSP5,
served as substrates when incubated in vitro with a cellular
extract from �1/�3-transfected cells as a source of enzyme. As
shown in Fig. 3, only mutants containing region 4 were phos-
phorylated, indicating that most of the phosphorylation occurs
within this domain and suggesting that in vivo phosphorylation
sites could reside in this region. We have previously reported
that NSP5 phosphorylation takes place in Ser and Thr residues
(2). To further characterize the phosphorylation sites, we mu-
tated to alanine (in mutant �1/�3) four serines (Ser153, Ser155,
Ser163, and Ser165) within region 4 present (boldface) in a
particular acidic amino acid context (ADSDSEDYVLDDSD
SDDG) (Fig. 4A) and tested them for the ability to be phos-
phorylated in vivo. Figure 4B shows immunoprecipitates of
several transfected �1/�3 Ser3Ala mutants following labeling
with 32Pi. The four serines appeared to be sites of phosphor-
ylation. The only mutant that showed no phosphorylation was
the one with all four serines mutated (Fig. 4B, lane 9). All of
the lanes in Fig. 4B contained comparable amounts of trans-
fected protein as determined by Western immunoblotting (not

shown). The double band corresponded to low-mobility hyper-
phosphorylated forms, as judged by 	-Ppase sensitivity (Fig.
4C). Further confirmation that the four serines within region 4
are the main phosphorylation sites was obtained with a GST-
�1/�3 fusion protein with all four serines mutated [GST-�1/
�3(S3A)] which was not phosphorylated by �1/�3 cellular
extracts (Fig. 4D).

NSP5 is a substrate of CKII. The sequences of NSP5 region
4 containing the four phosphorylated serines (boldface), SDSE
and SDSD, are characteristic of substrates of CKII 19; http:
//www.ebi.ac.uk [Prosite-EMBL]). We therefore tested wheth-
er CKII was able to phosphorylate the different GST fusions.
As shown in Fig. 5A, CKII was able to phosphorylate NSP5
and all mutants containing region 4, namely, �1/�T, �1/�3,
and �2. This phosphorylation appeared to be restricted to se-
rines 153, 155, 163, and 165, since the mutant GST-�1/�3(S3A)
was not phosphorylated by CKII. This result is in complete
agreement with the lack of phosphorylation of this mutant in
vivo (Fig. 4B). CKII was also able to phosphorylate the in
vitro-translated His6-�1 substrate, as demonstrated by the re-
sults shown in Fig. 5B. The left panel shows both the 35S label
of the in vitro-translated substrate and the 32P label from
[�-32P]ATP. In the right panel, only the 32P radioactivity was
detected. Under these conditions, CKII was able to convert
part of the substrate into mobility-shifted forms, similarly to
the transfected cellular extracts. Phosphorylation of the GST
fusions with CKII was also performed under the conditions
used with the cellular extracts with similar results. These re-
sults suggested that a CKII-like enzymatic activity is involved
in NSP5 phosphorylation.

NSP5 localization to viroplasms. NSP5 and NSP2 are the
two rotavirus nonstructural proteins that localize in viroplasms
in the cytoplasm of infected cells. We had previously shown
that the two transfected proteins directly interact in vivo, pro-
ducing VLS (9). In order to investigate the requirements of
NSP5 to localize in true viroplasms in infected cells, we ana-
lyzed the fates of several NSP5 mutants fused to EGFP. Cells
were transfected with different constructs, infected with rota-
virus (strain SA11) 48 h later, and fixed 6 h postinfection.
Immunofluorescence was performed on a confocal micro-
scope, and viroplasms were revealed with anti-NSP2 sera.

FIG. 3. Mapping phosphorylation sites of NSP5. SDS-PAGE analysis of immunoprecipitated, in vitro-phosphorylated GST-NSP5 mutant
proteins (0.2 �g) incubated with (�) and without (
) cellular extract (cel. extr.) from �1/�3-transfected cells. GST protein negative control (
)
(lane 17) was loaded without immunoprecipitation.

TABLE 1. Summary of NSP5 properties

Protein

Presence of propertya

Localization to
viroplasms

Activity of
cellular extractb

Activity as
substratec

NSP5 � 
 �
�1 � � �
�2 � 
 �
�3 � � �
�4 
 
 

�T 
 
 

�1/�4T 
 
 

�4T 
 ND 

4T � 
 

�1/�3 � � 

�1/�3(S3A) � � 

�1/�3/�T ND 
 


a �, present; 
, absent; �, marginal effect; ND, not determined.
b NSP5-�1 used as a substrate.
c �1/�3 cellular extract used as a source of cellular kinases(s).
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Figure 6 shows that, in noninfected cells, NSP5 wild type and
mutants have a diffused distribution in the cytoplasm. Follow-
ing infection, this distribution was highly affected, both for
NSP5 and for some of the deletion mutants, such as �1, �2, �3,
and �1/�3, which became rapidly relocalized in viroplasms. On
the other hand, mutants lacking region 4 (such as �4) or the
carboxy-terminal tail (�T) (not shown) did not localize to
viroplasms. Table 1 summarizes the results obtained with all
mutants tested. Interestingly, mutant �1/�3(S3A) with all
four serines in region 4 mutated, which we previously demon-
strated not to be phosphorylated in vivo (see above), showed a
clear colocalization in viroplasms. This result suggested that,

although the presence of the carboxy-terminal regions 4 and T
is required, phosphorylation is not essential for NSP5 localiza-
tion to viroplasms in the context of infected cells.

An interesting observation regards mutant �2, which does
not get phosphorylated in vivo and does not form VLS (9)
whereas it localized to viroplasms (Fig. 6). This is most likely
due to interaction with wild-type NSP5, which was shown to
depend on the last 10 carboxy-terminal amino acids (31). We
have now determined that localization to VLS was only ob-
tained when �2-EGFP was cotransfected with NSP2 into a cell
line stably expressing NSP5 (MA104-C7) (2) and not when it was
cotransfected into a cell not expressing NSP5 (data not shown).

FIG. 4. Characterization of Ser3Ala mutants. (A) Scheme of �1/�3 mutant showing positions of the four serines mutated to alanine within
region 4. The residue numbers correspond to the wild-type protein. (B) Immunoprecipitates of in vivo 32Pi-labeled MA104 cells transfected with
nonmutated (
) or with the indicated mutant constructs. The numbers refer to mutated Ser residues. (C) Western immunoblot of 	-Ppase-treated
(�) transfected �1/�3 mutant. (D) Phosphorylation with [�-32P]ATP of GST-�1/�3 and GST-�1/�3(S3A) as for Fig. 3.
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DISCUSSION

Phosphorylation of NSP5 is a complex process which gener-
ates different phosphorylated isoforms with apparent molecu-
lar masses ranging from 26 to 32-34 kDa. These events, which
take place in the context of virus replication where NSP5

appears as a main band of 28 kDa, are much less evident in
NSP5-transfected cells. In that case, the main product corre-
sponds to the 26-kDa isoform with almost complete absence of
the hyperphosphorylated forms (higher than 28 kDa) (2, 5, 25).
O-glycosylation also modifies NSP5 posttranslationally (12),

FIG. 5. NSP5 is a substrate of CKII. Shown is SDS-PAGE analysis of an in vitro CKII phosphorylation assay with [�-32P]ATP. (A) The
indicated GST-NSP5 mutants were used as substrates. Positive and negative controls are shown in lanes 1, 7, 8, and 9. 
, no substrate added.
(B) Purified, in vitro-translated 35S-His6-�1 was used as a substrate in the presence or absence of CKII. The two panels show autoradiography of
the same gel, detecting 35S plus 32P (left) and 32P (right). The solid and open arrowheads indicate His6-�1 precursor and hyperphosphorylated
forms, respectively. Autophosphorylated GST-� and GST-� CKII subunits are indicated. �, present; 
, absent.
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mainly involving isoforms of 26 and 28 kDa (2). We have
previously demonstrated that in vivo NSP5 phosphorylation
changes when NSP5 is cotransfected with NSP2, producing a
pattern that resembles the one obtained in virus-infected cells

(1). However, we now show that cell extracts containing NSP5
deletion mutants lacking either domain 1 or 3 or both (�1, �3,
or �1/�3, respectively) efficiently induce PAGE mobility shift
in an in vitro-translated NSP5-derived substrate. Consistent

FIG. 6. Confocal immunofluorescence microscopy. MA104 cells were transfected with NSP5 mutants fused to EGFP followed by infection with
rotavirus. Viroplasms were detected with an anti-NSP2 (red) antibody. The rightmost column is the superimposition of the two independently
acquired images.
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with these results, these same mutants were previously shown
to undergo mobility shift phosphorylation in vivo (9). Similarly,
cell extracts of mutants lacking region 2, 4, or T, which were
inactive in the assay, were unable to be phosphorylated in vivo
(9) in spite of the fact that two of them (�2 and �T) contain
region 4. Interestingly, a cellular extract of cells transfected
with the histidine-tagged version of mutant �1/�3 (His6-�1/
�3) showed high activity while the purified protein did not.
Moreover, GST fusion proteins showed a complete lack of
kinase activity, whereas they were good substrates. Taken to-
gether, these results indicate that NSP5 is not itself a kinase
but rather that it activates a cellular kinase(s), otherwise inac-
tive in the untransfected cellular extracts, for its own phosphor-
ylation.

The marginal phosphorylation activity of extracts containing
wild-type NSP5 is not surprising, since when expressed alone,
NSP5 is very little phosphorylated, producing mainly the 26-
kDa polypeptide (1, 9), while upon coexpression with NSP2 it
becomes hyperphosphorylated (1). Regions 1 and 3 appear to
have an inhibitory effect (region 3 being stronger than region 1
[Fig. 2A]) on the capacity of NSP5 to activate the cell ki-
nase(s), as revealed by the activities of mutants �1, �3, and
�1/�3. One could speculate that in the replicative cycle, inter-
action with NSP2 may neutralize the inhibition of these two
regions.

Region 4 contains the main phosphoacceptor sites, mapped
to serines 153, 155, 163, and 165, located in an acidic region
with homology to CKII phosphorylation sites (SDSE and
SDSD) (19). In fact, we showed that CKII was able to phos-
phorylate NSP5 in vitro precisely in those positions, although
this does not demonstrate that CKII is the kinase responsible
for NSP5 phosphorylation in vivo or that other kinases may not
be involved. These results suggest that the cellular kinase(s)
activated by NSP5 is a CKII-like enzyme. Up to now, CKII has
been described as phosphorylating several viral proteins of
both DNA and RNA viruses (7, 13, 15, 16, 20, 22, 23), with the
exception of viruses of the family Reoviridae.

It is noteworthy that phosphorylation of the four serines in
region 4 appears not to be required for kinase activation, since
mutant �1/�3(Ser3Ala) was still able to induce the cellular
kinase(s).

Many questions concerning the phosphorylation of NSP5
and its ability to localize in viroplasms await the development
of a reverse genetic system. We have previously demonstrated
that NSP5 and NSP2 can form VLS independently of the viral
context. The formation of these particular cytoplasmic struc-
tures reflects the abilities of the two nonstructural proteins to
interact with each other. On the other hand, in the context of
viral infection, the situation is more complex and localization
can also involve the interaction of mutants with wild-type
NSP5 (31). Contrary to what was observed with VLS forma-
tion, all NSP5 mutants containing regions 4 and T localized to
viroplasms independently of the phosphorylation state. Inter-
action with wild-type NSP5 could explain this behavior, since
multimerization of NSP5 was shown to depend on the last 10
carboxy-terminal amino acids (31). In fact, mutant �2 is not
phosphorylated in vivo and does not form VLS (9), whereas in
this report we show localization to viroplasms. This attribute
was dependent on complementation with wild-type NSP5,

since VLS were formed only when �2-EGFP was cotransfected
with NSP2 into a cell line stably expressing NSP5.

Even though the biological function of NSP5 remains to be
elucidated, the data presented here delineate meaningful as-
pects of NSP5 phosphorylation in the context of virus replica-
tion.
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