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Four strains of the coronavirus murine hepatitis virus were examined for the
presence of phosphorylated proteins. The nucleocapsid protein was determined
to contain phosphate covalently linked to serine but not to threonine residues.
The nucleocapsid protein was the only phosphorylated protein detected in these
strains of murine hepatitis virus.

Murine hepatitis viruses (MHV) are members
of the Coronaviridae (8, 23). These are enve-
loped positive-stranded RNA viruses (7) which
contain at least three structural proteins (19).
The A59 strain of MHV (MHV-A59) has a single
nucleocapsid protein, VP-50, and at least two
glycosylated envelope components, GP-23 and
GP-90 (19). An additional virion envelope gly-
coprotein, GP-180, is a dimer of GP-90 (20).
Recently, two reports on the structural proteins
of another strain of MHV, the neurotropic JHM
strain (MHV-JHM), have appeared. MHV-A59
and MHV-JHM are serologically related but
distinct (23; J. Childes and S. A. Stohlnan,
unpublished data) and differ in their tissue tro-
pism in vivo (9). In one report (1), the number
of MHV-JHM structural proteins and their mo-
lecular weights correspond quite well to those of
MHV-A59 (19). However, MHV-JHM was also
reported to contain six structural proteins with
molecular weights of 170,000, 125,000, 97,500,
60,800, 24,800, and 22,700, respectively (25). The
biological functions and chemical structure of
these viral proteins are not quite understood.
We are interested in the chemical modifica-

tion, particularly phosphorylation, of the struc-
tural proteins of MHV since many animal and
plant viruses contain phosphorylated proteins as
components of the mature virion. Phosphopro-
teins have been demonstrated in a variety of
enveloped viruses, e.g., Sindbis virus (24), RNA
tumor viruses (6, 10), rhabdoviruses (17), influ-
enza virus (11), vaccinia virus (13), and equine
herpesvirus (12), and in some nonenveloped
DNA viruses, e.g., adenovirus (5, 14) and simian
virus 40 (22). On the other hand, human coro-
navirus strain 229E had no detectable phospho-
rylated proteins (4). However, the method used

in that study may not have been sensitive
enough to detect phosphoproteins.
We therefore examined MHV for the possible

presence of phosphoproteins. MHV were prop-
agated in DBT cells, labeled with 32Pi (20 ,uCi/
ml, ICN Pharmaceuticals, Inc.) or 3H-amino
acids (20 ,iCi/ml, ICN) for 10 to 14 h, and then
purified as previously described (7). Viruses la-
beled with 32p; and 3H-amino acids were purified
separately, disrupted with 1% sodium dodecyl
sulfate, and then co-electrophoresed in poly-
acrylamide gels (18). Preliminary studies using
unfractionated 32P-labeled MHV-A59 showed
that a phosphorylated protein comigrated with
VP-50 (data not shown). To characterize this
phosphorylated protein, we extracted [32P]phos-
phate-labeled virus with phenol twice and re-
covered the proteins from the phenol phase by
precipitation with 5 volumes of ethanol (6). Be-
fore electrophoresis, the sample was treated with
5 ,ug of RNase A per ml for 30 min at 37°C,
followed by ethanol precipitation. Co-electro-
phoresis of 3H-amino acid-labeled proteins and
32P-labeled proteins of MHV-A59 is shown in Fig.
1. A single species of 32P-labeled protein comi-
grates with VP-50, the nucleocapsid protein of
the virion (19). To rule out the possibility that
this comigration of 32P-labeled protein and VP-
50 is due to nonspecific association of RNA or
phospholipid, we subjected the 32P-labeled pro-
tein preparation to various chemical treatments.
Incubation with RNases A (20 ,ug/ml) and T1
(20 U) at 37°C for 30 min, extraction with a
methanol-chloroform mixture (1:1), or incuba-
tion with 10% trichloroacetic acid at 50°C for 15
min removed less than 10% of the [32P]phos-
phate label associated with the viral protein. In
contrast, treatments with pronase (100 ,Lg/ml)
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FIG. 1. Co-electrophoresis of 'H-amino acid-la-
beled MHV-A59 with 32P-labeled MHV-A59 proteins.
The 32P-labeled protein preparation was predigested
with RNase before electrophoresis on 6%o neutralpoly-
acrylamide gels as previously described (18). The
electrophoresis was run at 40 V for 7 h.

at 37°C for 30 min or with 1 N NaOH at 1000C
for 15 mnin solubilized more than 90% of the 32p
counts. These results prove that the phosphate
groups are covalently linked to the viral protein
(6, 10). We also determined the phosphoamino
acid linkage of the phosphorylated VP-50. The
32P-labeled VP-50 was isolated by polyacryl-
amide gel electrophoresis, hydrolyzed with 6 M
HCI for 1.5 h, and then separated by paper

electrophoresis at pH 1.9 (6). As shown in Fig. 2,
the hydrolyzed 32P-labeled amino acids from VP-
50 comigrated with phosphoserine but not with
phosphothreonine. This result is similar to those
obtained with the single-stranded DNA binding
protein of adenovirus (5) and the nucleoprotein
of influenza virus (11). It further confirms that
the protein moiety of the nucleocapsid, VP-50,
of MHV-A59 is phosphorylated. We will hence
call this protein pp5O.
We then examined other strains of MHV,

including the hepatotropic MHV-3 and MHV-2
and the neurotropic JHM strains (23, 26), to see
whether the phosphorylation pattern of their
phosphoprotein is different. This was of interest
since strain variation has been noted in the
phosphoproteins of Rhabdoviridae (17). As
shown in Fig. 3, a single peak of 32P-labeled
protein was found to comigrate with the nucleo-
capsid proteins of MHV-2, MHV-3, and MHV-
JHM viruses. Therefore, we conclude that the
nucleocapsid proteins in all of the MHV strains
examined so far are phosphorylated and that
these are the only phosphoproteins present in
MHV. It is also interesting to note that the
protein profiles of all of these virus strains are

very similar although there are minor variations
in their molecular weights. Our results, there-
fore, did not confirm the presence of extra pro-
teins in MHV-JHM (25).

Phosphorylation has a regulatory mechanism
for protein function (21). However, the role of
phosphorylation in the nucleocapsid protein of
MHV remains to be investigated. Several func-
tions have been proposed for the phosphoryla-
tion of viral proteins in general. Phosphorylation
has been suggested to exert a regulatory role in
the selection of the negative-stranded genome
found in mature Sendai virions (8) and in the
regulation of overall RNA synthesis or the
switch from transcription to replication in vesic-
ular stomatitis virus-infected cells (2). Phospho-
rylation also influences the specific binding of
the viral phosphoprotein to the RNA genome in
RNA tumor viruses (15, 16). Therefore, it is
conceivable that the degree of phosphorylation
in the nucleocapsid protein of MHV could reg-
ulate its interaction with the viral RNA and, in
turn, regulate the maturation of viral particles.
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FIG. 2. Separation ofphosphoamino acids by pa-
per electrophoresis. 32P-labeled viral proteins puri-
fied by phenol extraction were separated by electro-
phoresis on a 7%polyacrylamide gel (6). The gel was
wrapped with Saran Wrap and exposed to a Kodak
NS film for 12 h. The 32P-labeled protein band cor-
responding to VP-50 was cut out and eluted with a
buffer containing 0.1 M ammonium bicarbonate and
0.1% sodium dodecyl sulfate at room temperature for
24 h. The eluted proteins were precipitated with
ethanol and partially hydrolyzed in 5.7 M HCl at
110°C for 1.5 h. The hydrolysate was electrophoresed
in formic acid-acetic acid-water (1:4:100), pH 1.9) at
1,XX0 V for 2 h (6). Phosphoserine and phosphothre-
onine (Sigma Chemical Co.) were included at 50 mg
as markers and were identified with ninhydrin spray.
The paper was cut into 1-cm strips and counted in
toluene-based scintillation fluid (6). The 32p peak
near the origin represents undigested peptides, and
that closest to the anode represents Pi or other con-
taminants.
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FIG. 3. Electrophoresis of 3H-labeled amino acids and 32P-labeled proteins from MHV-3, MHV-2, and
MHB-JHM, respectively. Conditions were identical to those described in the legend to Fig. 1.
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It remains to be investigated whether there are

multiple forms of pp5O with different degrees of
phosphorylation. The presence ofmultiple forms
of phosphoproteins could suggest some regula-
tory functions for the protein.
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