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Newly Identified Minor Phosphorylation Site Threonine-279 of
Measles Virus Nucleoprotein Is a Prerequisite for Nucleocapsid
Formation

Akihiro Sugai,® Hiroki Sato,” Kyoji Hagiwara,?* Hiroko Kozuka-Hata,® Masaaki Oyama,® Misako Yoneda,” Chieko Kai*®

International Research Center for Infectious Diseases,” Laboratory Animal Research Center,” and Medical Proteomics Laboratory,” Institute of Medical Science, University
of Tokyo, Minato-ku, Tokyo, Japan

Measles virus nucleoprotein is the most abundant viral protein and tightly encapsidates viral genomic RNA to support viral transcrip-
tion and replication. Major phosphorylation sites of nucleoprotein include the serine residues at locations 479 and 510. Minor phos-
phorylation residues have yet to be identified, and their functions are poorly understood. In our present study, we identified nine puta-
tive phosphorylation sites by mass spectrometry and demonstrated that threonine residue 279 (T279) is functionally significant.
Minigenome expression assays revealed that a mutation at the T279 site caused a loss of activity. Limited proteolysis and electron mi-
croscopy suggested that a T279A mutant lacked the ability to encapsidate viral RNA but was not denatured. Furthermore, dephosphor-
ylation of the T279 site by alkaline phosphatase treatment caused deficiencies in nucleocapsid formation. Taken together, these results

indicate that phosphorylation at T279 is a prerequisite for successful nucleocapsid formation.

WV easles virus (MV), a member of the Morbillivirus genus in
E g the Paramyxoviridae family, is an important human patho-
gen that causes disease characterized by fever, cough, coryza,
conjunctivitis, and a maculopapular rash. Although the use of
effective vaccines has decreased global mortality from measles,
it remains a major cause of high mortality among children in
developing countries (1-3). MV has a nonsegmented negative-
stranded RNA genome containing six structural genes encoding
nucleoprotein (N), phosphoprotein (P), matrix (M) protein, fu-
sion (F) protein, hemagglutinin (H) protein, and large (L) protein
(4), and the P gene produces two accessory proteins, known as V
and C (5, 6). N proteins encapsidate viral genomic RNA to sup-
port viral transcription and replication by an RNA-dependent
RNA polymerase (RdRp) L protein. The P protein is a multifunc-
tional protein (7, 8) that assists with viral transcription and repli-
cation as a cofactor of the L protein (9, 10). The C and V accessory
proteins suppress host immune responses (11, 12). The M protein
helps virus assembly, and the F and H proteins are required for
membrane fusion and binding to the host cellular receptor, re-
spectively (13).

N protein is the most abundant viral protein in infected cells
(14) and is mainly required for viral transcription and replication.
N proteins tightly associate with the viral genome and antigenome
to form an N-RNA complexwith a herringbone-like structure (15,
16). N proteins associate with every 6 bases of the 15,894-nucleo-
tide viral genome and fully cover the genome RNA (17). This tight
encapsidation allows the viral genome to be resistant to RNases
and small interfering RNAs (18, 19). Viral transcription and rep-
lication occur on the N-RNA complex in association with viral
RdRp (VRdRp), composed of L and P proteins. This complex of
N-RNA, P protein, and L protein is called the nucleocapsid (NC)
and comprises 2,649 copies of the N protein, about 300 copies of
the P protein, and about 20 to 30 copies of the L protein (20-22).
Singly expressed N proteins associate with cellular RNA to form
NC-like structures through a nonspecific association (23-25).
VRdRp first transcribes the RNA genome, and viral structural
genes are expressed. When a sufficient quantity of N proteins has
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accumulated, the function of vVRdRp shifts from transcription to
replication and the RNA genome is replicated exponentially (21).
During the replication step, nascent growing viral RNA is imme-
diately encapsidated by N protein and full-length viral antigeno-
mic RNA (positive-sense strand) is produced and serves as a tem-
plate for genome (negative-sense strand) replication (26).

We previously reported that the major phosphorylation sites of
the MV N protein were S479 and S510 (27). Additionally, the
functional significance of the major phosphorylation sites of N
protein to the viral life cycle includes viral gene expression, viral
genome RNA stability, and regulation of P-protein phosphoryla-
tion (28, 29). However, despite double mutation of the major
phosphorylation sites of MV N protein, it was still phosphory-
lated, albeit to a lesser extent. The N-protein minor phosphoryla-
tion sites have not been identified and are poorly understood. In
the present study, we predicted nine minor phosphorylation sites
within the N protein by mass spectrometry (MS) analysis and
investigated these putative phosphorylation sites. Furthermore,
we identified a functionally indispensable minor phosphorylation
site at threonine-279 (T279) and examined the role of threonine
phosphorylation in viral reproduction.

MATERIALS AND METHODS

Cells, plasmids, and antibodies. Cos7, 293, 293T, and Vero cells were
propagated in Dulbecco’s modified Eagle’s medium (DMEM; Sigma)
supplemented with 5% fetal bovine serum (JRH Bioscience), 2 mM t-glu-
tamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin at 37°C in 5%
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CO,. COBL cells were maintained in RPMI 1640 medium (Sigma) with
the same supplements described above. pCAGGS mammalian expression
vectors (30) encoding wild-type (wt) N, N mutants, and P-protein genes
from the HL strain of MV (31) were prepared as described previously (27).
The generation of a polyclonal anti-MV N antibody has also been de-
scribed previously (27).

MALDI-TOF/TOF MS analysis. MV-infected COBL cells were lysed,
and NC-associated N proteins were purified by cesium chloride (CsCl)
gradient centrifugation as described below. The N protein was separated
by SDS-PAGE and stained with Coomassie brilliant blue. The band cor-
responding to the N protein was excised from the gel and destained five
times with 50 mM NH,HCOj, in 50% methanol. The N protein was then
subjected to in-gel digestion with trypsin or V8 protease at 37°C for 16 h as
previously described (27, 32). The digested peptides of N protein were
separated by nanoflow liquid chromatography (LC; KYA Technologies
Corporation) and analyzed by matrix-assisted laser desorption ioniza-
tion—time of flight (MALDI-TOF)/TOF MS (4700 proteomics analyzer)
as described previously (27). Detected peptides were identified by a data-
base search using MASCOT, version 2.0 (Matrix Science).

Immunoprecipitation assay. Cos7, 279T, and Vero cells were trans-
fected with plasmids containing wt N and N mutants. At 24 h posttrans-
fection, 0.38 mCi/ml of **P (phosphorus-32 radionuclide; PerkinElmer)
or 0.06 mCi/ml of **S (EasyTag Express protein labeling mix; Perkin-
Elmer) was added to the medium, and the cells were incubated at 37°C
for 24 h. Cells were harvested and lysed in lysis buffer consisting of 0.5
mM EDTA and 0.5% Triton X-100 in phosphate-buffered saline (PBS)
supplemented with protease inhibitor cocktail (BD Biosciences) and
PhosSTOP phosphatase inhibitor cocktail (Roche) for 1 h at 4°C, and
cell debris was removed from the lysate by centrifugation. The lysate
was incubated with protein A-Sepharose CL-4B beads (Amersham
Biosciences) and anti-MV N polyclonal antibody for 16 h at 4°C. The
beads were collected, washed 5 times with PBS, and suspended in 2X
Laemmli’s sample buffer. Component proteins were separated by
SDS-PAGE, and radioactive proteins were detected using an imaging
plate and phosphorimager (FLA-5100; Fujifilm).

Minigenome expression assay. Precise methods for the minigenome
experiment were described previously (27, 28). Briefly, 293 cells in 24-well
plates were transfected with N, P, and L protein expression plasmids using
Lipofectamine LTX reagent (Invitrogen) and Plus reagent (Invitrogen).
After 24 h, viral minigenomic RNA encoding the firefly luciferase gene was
transfected with Lipofectamine 2000 reagent (Invitrogen). On the follow-
ing day, cells were lysed in passive lysis buffer (Promega), and luciferase
activity was measured using a PicaGene luminescence kit (Tokyo Ink
Manufacturing) according to the manufacturer’s instructions. Fluores-
cence intensity was detected by use of a MiniLumat LB 9506 luminometer
(Berthold).

N-P protein binding assay. Cos7 cells were transfected with either wt
N or mutant N protein (T279A) expression plasmids and a P protein
expression plasmid using Lipofectamine LTX reagent and Plus reagent.
On the following day, cells were labeled with **S (0.06 mCi/ml) at 37°C for
24 h. The cells were lysed, and the lysate was incubated with protein
A-Sepharose CL-4B and anti-N-protein antibody. The precipitated pro-
teins were separated by SDS-PAGE and detected with a phosphorimager
(FLA-5100).

Indirect immunofluorescence assay. Cos7 cells were transfected with
expression vectors for wt N, N-protein mutants (T279A, T279D, T279E,
S479A/S510A, ST8A, and ST11A), and P protein using the FuGENE 6
transfection reagent according to the manufacturer’s instructions. At24 h
posttransfection, cells were fixed and permeabilized with 3% paraformal-
dehyde-PBS and 0.5% Triton X-100—PBS, respectively. The cells were
incubated with polyclonal anti-N-protein antibody and monoclonal anti-
P-protein antibody, followed by incubation with a 1:2,000 dilution of an
Alexa Fluor 488 F(ab'), fragment of goat anti-rabbit IgG (H+L) (Invit-
rogen) and an Alexa Fluor 568 F(ab'), fragment of goat anti-mouse IgG
(H+L) (Invitrogen) supplemented with Hoechst 33342 (Cambrex Bio
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Science). Fluorescence was visualized by use of a confocal laser scanning
microscope (Fluoview FV1000-D system; Olympus).

Nucleocapsid purification. Cos7 cells were transfected with the ex-
pression plasmid for N protein or its mutants using the FuGENE 6 trans-
fection reagent (Roche Applied Science) according to the manufacturer’s
instructions. At 48 h posttransfection, cells were lysed in TNE buffer (10
mM Tris [pH 7.8], 150 mM NaCl, I mM EDTA) supplemented with 1%
NP-40 and protease inhibitor cocktail at 4°C for 30 min. The lysate was
layered onto 1.5 ml each of 25%, 30%, and 40% (wt/vol) CsCl gradients in
TNE buffer and centrifuged in a Beckman Sw55Ti rotor for 2 h at 55,000
rpm. The fraction containing the nucleocapsid was diluted with TNE
buffer and centrifuged at 55,000 rpm to precipitate the nucleocapsid,
which was resolved in an appropriate volume of PBS.

Western blot analysis. Expression plasmids for wt N and T279A were
transfected in Cos7 cells, and each cell lysate was subjected to Western blot
analysis to detect the expression level of the N protein relative to that of an
internal control, GAPDH (glyceraldehyde-3-phosphate dehydrogenase).
The cell lysates were then separated by CsCl gradient centrifugation. The
NC fraction was collected and further centrifuged to precipitate the NC-
like particles. The yields of the NC-like particles were also visualized and
quantified by Western blotting. Briefly, the lysate of N-protein-trans-
fected cells and purified nucleocapsids were subjected to 10% SDS-PAGE,
and the separated proteins were transferred onto an Immobilon-P trans-
fer membrane (Millipore). The membrane was blocked with BlockACE
reagent (DS Pharma Biomedical) and then incubated with anti-N poly-
clonal antibody for 1 h at 37°C. The membrane was washed five times with
0.05% Tween-PBS and incubated with a 1:2,000 dilution of polyclonal
goat anti-rabbit horseradish peroxidase-conjugated immunoglobulins
(Dako Cytomation) for 1 hat 37°C. Immunoreactive bands were detected
using enhanced chemiluminescence Western blotting detection reagents
(GE Healthcare). Scanning of the chemiluminescence was performed
with a luminescent image analyzer (LAS-1000UV minisystem; Fujifilm).

Electron microscopy. Cos7 cells were transfected with wt N or N
T279A expression plasmids using the Plus reagent and Lipofectamine
LTX reagent, and self-assembled NC-like particles were purified at 2 days
posttransfection. Preparation of the samples for electron microscopy was
performed as previously described (27). Briefly, purified NC-like particles
were spotted on a copper grid coated with collodion and incubated for 5
min at room temperature. The samples were then negative stained with
2% uranyl acetate and observed under an electron microscope (H7000;
Hitachi).

Limited proteolysis. The purified NC fraction of wt N, N T279A, and
heat-denatured (for 10 min at 95°C) wt N were equally divided into eight
tubes, and each aliquot was subjected to 0, 0.1, 0.25, 0.5, 1.0, 2.5, 5.0, or
10.0 pg/ml of trypsin treatment for 1 h at 37°C. The reactions were
stopped by adding SDS sample buffer and heating for 5 min at 95°C, and
then the samples were subjected to SDS-PAGE. The proteolytic bands
were detected by immunoblotting using anti-N polyclonal antibodies.

Bacterial alkaline phosphatase (BAP) treatment and NC fraction-
ation. Cos7 cells in 6-cm dishes were transfected with expression plasmids
for wt N, N T279A, and ST10A using the FuGENE 6 transfection reagent.
At 24 h posttransfection, the nucleocapsids were purified by CsCl gradient
centrifugation and dissolved in 200 mM Tris-HCl buffer (pH 8.0) supple-
mented with Complete EDTA-free protease inhibitor (Roche Diagnos-
tics). Each sample was incubated with or without 1.5 units of BAP and
PhosSTOP phosphatase inhibitor cocktail for 2 h at 65°C, and then 500
mM NaCl was added and the mixture was incubated for 1 h at 37°C.
NC-like particles were separated by CsCl gradient centrifugation (0.6 ml
of 30% [vol/vol] glycerol, 1.2 ml of 20% [wt/vol] CsCl, 1.4 ml of 30%
[wt/vol] CsCl, and 1.4 ml of 40% [wt/vol] CsCl in TNE buffer) in a Beck-
man Sw55Ti rotor for 16 h at 36,000 rpm, and the gradients were divided
into seven fractions. The N proteins contained in each fraction were im-
munoprecipitated with protein A-Sepharose CL-4B and anti-N poly-
clonal antibodies and were subjected to SDS-PAGE and Western blot
analysis to quantify the N-protein levels.
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Trypsin treatment

1 MATLLRSLAL FKRNKDKPPI TSGSGGAIRG IKHIIIVPIP GDSSITTRSR
51 LLDRLVRLIG NPDVSGPKLT GALIGILSLF VESPGQLIQR ITDDPDVSIR
101 LLEVVGSDQS QSGLTFASRG TNMEDEADQY FSHDDPSNSD QSRSGWFENK
151 EISDIEVGDP EGFNMILGTI LAQIWVLLAK AVTAPDTAAD SELRRWIKYT
201 QQRRVVGEFR LERKWLDVVR NRIAEDLSLR RFMVALILDI KRTPGNKPRI
251 AEMICDIDTY IVEAGLASFI LTIKFGIETM YPALGLHEFA GELSTLESLM
301 NLYQQMGETA PYMVILENS! QNKFSAGSYP LLWSYAMGVG VELENSMGGL
351 NFGRSYFDPA YFRLGQEMVR RSAGKVSSTL ASELGITAED ARLVSE!AMH
401 TTEDRISRAV GPRQAQVSFL HGDQSENELP GLGGKEDRRV KQGRGEAREN
451 YRETGSSRAS DARAAHPPTS MPLDIDTASE SGGDPQDSQR SADALLRLQA
501 MAGILEEQGS DTDTPRVYND RDLLD

V8 protease treatment

1 MATLLRSLAL FKRNKDKPPI TSGSGGAIRG IKH!IIIVPIP GDSSITTRSR

51 LLDRLVRLIG NPDVSGPKLT GALIGILSLF VESPGQLIQR ITDDPDVSIR

101 LLEVVQSDQS QSGLTFASRG TNMEDEADQY FSHDDPSNSD QSRSGWFENK

151 EISDIEVQDP EGFNMILGTI LAQIWVLLAK AVTAPDTAAD SELRRWIKYT

201 QQRRVVGEFR LERKWLDVVR NRIAEDLSLR RFMVALILDI KRTPGNKPRI

251 AEMICDIDTY IVEAGLASFI LTIKFGIETM YPALGLHEFA GELSTLESLM

301 NLYQQMGETA PYMVILENSI QNKFSAGSYP LLWSYAMGVG VELENSMGGL

351 NFGRSYFDPA YFRLGQEMVR RSAGKVSSTL ASELGITAED ARLVSE!AMH

401 TTEDRISRAV GPRQAQVSFL HGDQSENELP GLGGKEDRRV KQGRGEAREN

451 YRETGSSRAS DARAAHPPTS MPLDIDTASE SGQDPQDSQR SADALLRLQA

501 MAGILEEQGS DTDTPRVYND RDLLD

FIG 1 Identification of the minor phosphorylation sites in the N protein by
MS analysis. (A) Trypsin-digested peptides of N protein were separated by
nanoflow LC and analyzed by MALDI-TOF/TOF MS. (B) Phosphorylated
peptides from V8 protease-digested N proteins were selectively analyzed and

identified by MALDI-TOF/TOF MS. The analyzed peptides were identified
with a MASCOT (version 2.0) database search and are shown in red.

RESULTS

Identification of a minor phosphorylation site of MV N protein.
Previously, we performed MALDI-TOF/TOF MS and electros-
pray ionization-quadrupole-TOF MS analysis of MV N protein
and identified two major phosphorylation sites from the tryptic
peptides of N protein purified from cells transfected with an N
protein-expressing plasmid (27). However, we did not identify
minor phosphorylation sites of the N protein from these tryptic
peptides. Therefore, in this study, we reexamined minor phos-
phorylation of the N protein by MALDI-TOF/TOF MS analysis
using trypsin-digested N protein derived from MV-infected cells.
Additionally, we investigated minor phosphorylation using V8
protease-digested N protein. In the latter case, phosphorylated
peptides were selectively detected and analyzed by MALDI-TOF/
TOF MS. As a result, the peptides digested with trypsin or V8
protease covered 70.5% of the N-protein sequence (Fig. 1A and
B), and nine putative phosphorylation sites were predicted: T279,
S294, S295, S407, S418, T454, S456, S457, and S460. We further
investigated these putative phosphorylation sites to identify sites
responsible for the minor phosphorylation of N protein. We pre-
pared alanine substitution mutants for each putative phosphory-
lation site of N protein and examined the phosphorylation levels
of each putative phosphorylation site by >*P labeling and immu-
noprecipitation. The mutants used in this study are shown in
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Fig. 2A. As a result, among these nine putative phosphorylation
sites, the T279 site was found to be remarkably phosphorylated,
with a phosphorylation rate of 14.3% for wt N protein in Cos7
cells (Fig. 2B). We also investigated the phosphorylation rate of
T279 in Vero and 293T cells but did not observe a significant
change in the rate in these cells compared with that in Cos7 cells
(Fig. 2C). This indicated that the minor phosphorylation at T279
was not a cell-type-specific phenomenon. Phosphorylation at the
eight remaining putative phosphorylation sites occurred at trace
levels, and therefore, these sites may not be phosphate group ac-
ceptors. Additionally, phosphorylation signals were barely de-
tected in the ST11A mutant, where two major and nine minor
putative phosphorylation sites had alanine substitutions.

The Paramyxovirus N protein possesses a highly conserved do-
main at amino acids (aa) 258 to 357 which is referred to as the
central conserved region (CCR) (Fig. 2D) and is known to be
important for N-protein function (33, 34). In a previous analysis
(27) and the present MS analysis (Fig. 1), aa 250 to 278 and 298 to
324 were not covered within the N-protein CCR. This region in-
cludes six serine and threonine residues: T259, $268, T272, S298,
T309, and S319. We generated additional alanine mutants, the
ST14A and ST17A mutants (Fig. 2E), and examined whether the
low phosphorylation levels detected in the STI1A mutant was
the result of phosphorylation of these sites. The level of phosphor-
ylation of the ST14A and ST17A mutants was similar to that of the
ST11A mutant (Fig. 2F), suggesting that these six sites within CCR
are not phosphate group acceptors. The trace levels of phosphor-
ylation detected in the ST11A, ST14A, and ST17A mutants ap-
peared to be because of nonspecific phosphorylation that oc-
curred at very low rates.

T279 is an indispensable phosphorylation site for N-protein
function. To identify the phosphorylation sites required for N-
protein function from the nine putative sites, we prepared ala-
nine-substituted mutants of N protein and measured the N-pro-
tein activity of each one by a minigenome reporter assay. In
agreement with our previous reports, a mutant with mutations of
both major phosphorylation sites, S479A and S510A, showed
46.3% activity compared with that for the wt N protein (Fig. 3A),
whereas an alanine substitution mutant with a mutation of the
T279 site showed a complete loss of activity and the N protein did
not aid transcription and replication, indicating that the T279 site
is functionally important. A mutant N protein with alanine sub-
stitution mutations at the eight putative phosphorylation sites
other than T279 (the ST8A mutant) showed no reduction in ac-
tivity compared with that of wt N protein. Additionally, the activ-
ity of the STI0A mutant (where the amino acids at two major
phosphorylation sites and eight putative phosphorylation sites
other than T279 were replaced by alanine) was reduced to 36.6%
of that of wt N protein. There was no statistically significant dif-
ference between the activities of the S479A/S510A and ST10A mu-
tants. Thus, the eight putative phosphorylation sites other than
T279 were not required for N-protein function, but the T279 site
was found to be functionally indispensable. Therefore, we inves-
tigated the T279 site further using N-protein mutants with aspar-
tic acid (D) and glutamic acid (E) substitutions at the T279
site. The T279D and T279E mutants showed no activity, similar to
the result for the T279A mutant, in the minigenome assay (Fig.
3B). Since the replacement of T279 with acidic residues did not
mimic the phosphorylation of T279, constitutively charged T279
may be undesirable for N-protein function.
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FIG 2 Analysis of minor phosphorylation sites of N protein. (A) Schematic diagram of the alanine substitution mutants of the N protein used in this study. Each
phosphorylation site is indicated as a green square, and sites where the amino acid was with an alanine residue are shown as red squares with a letter A. (B)
Identification of the minor phosphorylation site in the N protein by immunoprecipitation assay. The N protein or its phosphorylation mutants were radiolabeled
with *?P or **S in Cos7 cells. The relative phosphorylation (**P-N/?*S-N) of each N protein mutant was quantified. (C) Phosphorylation of wt N and the T279A
mutant in 293T and Vero cells. (D) Multiple-sequence alignment of the N protein CCR (aa 258 to 357) from Paramyxoviruses: canine distemper virus (CDV;
GenBank accession no. AAG30916), rinderpest virus (RPV; CAA48388), peste des petits ruminants virus (PPRV; ACN62116), Hendra virus (AAC83187), Nipah
virus (NIV; AAK50548), Sendai virus (SEV; AAB06278), mumps virus (CBA10117), and human parainfluenza virus type 1 (HPIV1; NP_604433). Black and red
arrowheads, S or T residues untested by MS analysis and putative phosphorylation sites detected by MS analysis, respectively. (E) Schematic diagram of additional
mutants with mutations at the CCR. (F) Phosphorylation properties of the mutants.
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