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Partial acid hydrolysates of the [32P]phosphate- or [3H]serine-labeled proteins
of purified vesicular stomatitis, rabies, Lagos bat, Mokola, or spring viremia of
carp virions and of purified intracellular nucleocapsids of these viruses have been
analyzed by paper electrophoresis for the presence of phosphorylated amino
acids. Both phosphoserine and phosphothreonine, with the former predominant,
were present in virion and nucleocapsid preparations that contained phospho-
proteins. An exception was the fish rhabdovirus, which contained only phospho-
serine. When vesicular stomatitis or rabies virus proteins were phosphorylated in
a cell-free system by the virion-associated protein kinase and analyzed for the
presence of phosphorylated amino acid residues, phosphoserine was again found
to be more abundant than phosphothreonine. After in vitro protein phosphoryla-
tion, another phospho-compound, possibly a third phosphoamino acid, was
detected in the partial acid hydrolysates of these viruses.

Two types of protein modification have been
observed in rhabdoviruses. The protein of the
envelope spikes is glycosylated in all rhab-
doviruses which have been analyzed for the
presence of glycoproteins (G protein) (3, 13, 27,
28, 31). The other type of modification involves
phosphorylation in the infected cells of one or
several core proteins. The results of compara-
tive studies on the structural phosphoproteins
of various animal rhabdoviruses can be summa-
rized as follows.

(i) In viruses of the vesicular stomatitis sub-
group, the core-associated minor NS component
is the only phosphoprotein (26, 27). In the cell,
the NS protein is also phosphorylated in the free
or nucleocapsid-bound state (7, 12).

(ii) In rabies and rabies-related Mokola and
Lagos bat (22, 23) viruses, the N proteins, which
are directly bound to the viral RNA (28, 30, 31),
are phosphorylated in vivo. The N protein of the
intracellular free nucleocapsids and the N pro-
tein present in the corresponding virions are
phosphorylated to a similar extent. The phos-
phorylation is confined to a terminal segment of
the N polypeptide, which can be cleaved off by
treatment of the viral nucleocapsid with trypsin
(26, 28). For comparison, the N protein of
vesicular stomatitis virus (VSV) is not phospho-
rylated and cannot be cleaved by exposure of
the nucleocapsid to trypsin. While the N pro-

' Deceased.

tein is the only phosphoprotein component of
rabies virus, the rabies-related viruses contain
two additional structural phosphoproteins.

(iii) Spring viremia virus of carp (SVCV) (5)
exhibits a pattern of intracellular phosphoryla-
tion which resembles that of rabies-related
viruses, the N protein and one additional core
protein being phosphorylated in vivo. Although
the N phosphoprotein of this virus does not
show any antigenic relatedness to the N phos-
phoproteins of rabies and rabies-related viruses
or to the N protein of VSV (28), the phosphoryl-
ated segment of the SVCV N protein can be
removed too by treatment of the nucleocapsid
with trypsin.

(iv) In Kern Canyon virus, which is antigeni-
cally not related to VSV or rabies virus (14), the
envelope glycoprotein and the N protein seem to
be phosphorylated in vivo to a very low extent.
On the other hand, the N protein of the free
intracellular nucleocapsid is not phosphoryl-
ated and, similar to the N protein of VSV,
cannot be cleaved by treatment of the nu-
cleocapsid with trypsin.

(v) All rhabdoviruses mentioned above con-
tain a virion-bound protein kinase which can
catalyze in a cell-free system the transfer of the
gamma-phosphate group of ATP or dATP to
viral proteins. The phosphoproteins are usually
the best in vitro phosphate acceptors; they
accept additional phosphate groups in vitro
without losing those acquired in vivo. Among
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the viral proteins which are not phosphorylated
in vivo are some which can accept phosphate in
a cell-free system (7, 15, 26, 27, 32).
The purpose of the present study was to

determine the nature of the phosphoamino acid
residues found in rhabdovirus phosphoproteins.
It will be shown that viral proteins phosphoryl-
ated in vivo or in vitro contain either phospho-
serine and phosphothreonine or phosphoserine
alone.

MATERIALS AND METHODS
Viruses, their propagation, labeling and purifi-

cation. Rabies virus (strain ERA, clone W), plaque
purified VSV (Indiana serotype), Lagos bat virus,
Mokola virus, and SVCV were grown in monolayer
cultures of BHK-21 cells as has been described
previously (10, 26, 28, 29). Virions released into the
serum-free medium containing 0.2% bovine serum
albumin were purified by a procedure consisting of
precipitation with zinc acetate, resuspension in
EDTA solution, filtration through a Sephadex G-75
column, sedimentation by high-speed centrifugation,
and banding by centrifugation in a sucrose density
gradient (29). The latter step allowed the separation
of infectious B particles from defective T particles.
Only B particles were used in the present study. If
required, the virus collected from the sucrose density
gradient was diluted with a neutral buffer and resedi-
mented by high-speed centrifugation.

In some experiments, the virus was labeled
throughout the infection with 10 uCi of [32P]phos-
phate (carrier-free; Schwarz-Mann, Orangeburg,
N.Y.) per ml or with 5,uCi of [3HIserine (specific
activity, 3.38 Ci/mmol; Schwarz-Mann) per ml. The
Eagle minimal essential medium used did not contain
unlabeled serine. For labeling with [32P ]phosphate,
the concentration of unlabeled inorganic phosphate
was reduced to one-fifth of the normal level, so that
the specific activity of [32P ]phosphate in the medium
was 10 mCi/mmol.

Isolation of intracellular nucleocapsids. Free
intracellular rhabdovirus nucleocapsids were isolated
from disrupted cells by repeated isopycnic centrifuga-
tion in CsCl solution (25, 26, 28).

Analytical methods. The purified virus or nu-
cleocapsid was prepared for acid hydrolysis in the
following manner. Preparations labeled in vitro with
[yZ32P JATP were precipitated, together with 250 ,g of
carrier bovine serum albumin, with 20% trichloroace-
tic acid in 0.05 M sodium pyrophosphate. The precipi-
tate was washed with acetone at 0 C and dried.
Preparations labeled in vivo were dissociated in
sodium dodecyl sulfate solution, ethanol-precipitated,
resuspended in 0.1 ml of neutral phosphate buffer,
and then treated for 30 min at 20 C with 50 gg of
RNase (26). The samples were reprecipitated with
trichloroacetic acid, washed with acetone, and dried.
Unless stated otherwise, all preparations were then
resuspended in 0.3 ml of 2 N HCl and hydrolyzed at
110 C in a sealed, evacuated ampoule for 5 h. The
hydrolysates were evaporated three times, redissolved

after each evaporation in 0.3 ml of distilled water, and
passed through a glass-wool filter. They were then
mixed with 15 Mg each of unlabeled phosphoserine and
phosphothreonine and dried on a strip (4 by 25 mm) of
Whatman no. 4 filter paper. The dried sample was
added to a strip (2.5 by 28 cm) of Whatman no. 4
paper for electrophoresis at 500 mV and 4 C for 6.5 to
7.5 h in a solution containing 7.8% (vol/vol) acetic
acid and 2.5% formic acid (pH 1.85) (34). The
electrophoretograms were dried, stained with ninhy-
drin and, after marking the location of phosphoserine
and phosphothreonine bands, cut into 3-mm strips for
determination of radioactivity.
The purity of virus or nucleocapsid preparations

was checked by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis of a sample of dissociated
polypeptides, staining of the polypeptide bands by
Coomassie blue, scanning of the gels for absorbance,
and then cutting of the gel for determination of
radioactivity (26, 31). Virus or nucleocapsid prepara-
tions which contained significant amounts of polypep-
tide-bound [32P ]phosphate in components other than
the viral structural proteins were discarded.

RESULTS

Amino acid residues of rhabdoviral struc-
tural proteins phosphorylated in vivo. We
have reported previously that the phosphate-
amino acid residue bonds in NS or N phospho-
proteins of VSV and rabies virus, respectively,
are resistant to treatment with hydroxylamine
or succinic acid. This indicated that the in-
tracellularly formed phosphate-amino acid resi-
due bonds are not acylphosphates or phos-
phohistidine. On the other hand, treatment of
rabies virus nucleocapsid with alkaline phos-
phatase resulted in an extensive dephosphoryla-
tion of the N protein (26). These findings
suggested that the phosphoproteins of VSV and
rabies virus contain O-phosphoserine or 0-
phosphothreonine residues, or both. Partial acid
hydrolysis and electrophoretic analysis of five
[32P]phosphate-labeled rhabdoviruses (Fig. 1)
and of their intracellular nucleocapsids (Fig. 2)
derived from the same cell cultures confirmed
this indication. The NS phosphoprotein of VSV,
the N phosphoprotein of rabies virus, and the
phosphoproteins of Mokola and Lagos bat vi-
ruses contained both phosphothreonine and
phosphoserine. Phosphoserine residues predom-
inate, in spite of the fact that phosphothreonine
is known to be more refractory to decomposition
by acid than phosphoserine (1). In hydrolysates
of SVCV phosphoproteins, phosphoserine was
the only detectable phosphoamino acid.

In addition to the phosphoserine and phos-
phothreonine residues, the electrophoreto-
grams indicate the presence of several other
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FIG. 1. Fractionation by paper electrophoresis of partial acid hydrolysates of the protein moiety of five
rhabdoviruses. The rhabdoviruses, grown in [32P]phosphate-labeled BHK-21 cells, were purified, freed of lipids
and RNA, hydrolyzed in acid, and electrophoresed as described in Materials and Methods. The positions of the
internal phosphoserine and phosphothreonine standards, determined after staining with ninhydrin, are
indicated by the arrows.

32P-labeled components bearing a net negative
charge. The component migrating more slowly
than phosphothreonine represents phospho-
protein hydrolysis (16, 20). This conclusion is
supported by the presence of serine residues in
this component (Fig. 3). The component con-
taining the greatest amount of 32P radioactivity
is inorganic phosphate, since a [32P]phosphate
standard electrophoresed in parallel exhibited
the same mobility. Two additional [32P]phos-
phate-containing components of unknown ori-
gin, which migrated faster than the inorganic
phosphate, were detected in the rhabdovirion
hydrolysates. A rapidly migrating component
was also detected in the hydrolysates of the
[3H]serine-labeled rhabdovirions (Fig. 3). The
virtual absence of these compounds from elec-
trophoretograms of [32P ]phosphate-labeled vi-
ral nucleocapsids, whose protein moiety is rep-
resented almost exclusively by the phospho-
rylated N protein molecules (26, 28), indicates
that they probably do not correspond to short

phosphopeptides with two or more phospho-
amino acid residues.
The possibility that 32P-labeled components

other than phosphoamino acid residues could
account for the bands observed in the electro-
phoretograms was examined in the following
experiment.
A preparation of intracellular VSV nu-

cleocapsid, containing an amount of 32P radio-
activity similar to that present in 32P-labeled
rabies virus nucleocapsid preparation used in
these experiments (2.81 x 10 versus 2.11 x 105
counts/min), was freed of RNA and con-
taminating lipids and subjected to partial acid
hydrolysis and subsequent electrophoresis. The
VSV nucleocapsid is composed of the viral RNA
and of nonphosphorylated N protein molecules
(26). As expected, phosphoserine, phospho-
threonine, or phosphopeptides were not de-
tected in the chromatogram (Fig. 2). The rela-
tively small band of inorganic [3:P ]phosphate is
obviously derived from the residual amount of
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FIG. 2. Identification of the phosphate acceptor amino acid residues in the phosphoprotein moiety of
rhabdovirus nucleocapsids. Intracellular nucleocapsids were isolated from [32P]phosphate-labeled BHK-21
cells, treated with lipid solvents, freed of RNA, hydrolyzed in acid, and subjected to paper electrophoresis. The
VSV nucleocapsid was included as a negative control. The band of inorganic [32P]phosphate present in partial
acid hydrolysates of this nucleocapsid is probably derived from residual phospholipids or RNA, or both. NC,
Nucleocapsid.

viral RNA which was not removed by ribonu-
clease digestion. The results also indicate that
only about 1% of the inorganic phosphate re-
covered in the acid hydrolysates of viral nu-
cleocapsids is formed by degradation of residual
viral RNA; the overwhelming majority of phos-
phate must be formed by decomposition of
phosphorylated amino acid residues. Manipula-
tions of the conditions of acid treatment so that
free phosphoamino acids would be released but
not dephosphorylated were only partially suc-
cessful. Hydrolysis of viiions in 6 N HCl at
110 C for 14 h resulted in complete disappear-
ance of phosphoamino acids and phosphopep-
tides, the only 32P-containing component still
detectable in the electrophoretograms being the
inorganic phosphate (not shown). Reduction of
the standard time of hydrolysis (5 h) in 2 N HCI
(at 110 C) to 2.5 h did not change substantially
the ratio of phosphoamino acids to phosphopep-

tides (Fig. 3), indicating that the rate of hydrol-
ysis of phosphopeptides and that of dephospho-
rylation of free phosphoamino acids are similar.
Hydrolysis of phosphoproteins at 110 C for 5 h
in 2 N HCI was found to be the most suitable
condition for the release and preservation of free
phosphoamino acids.
Amino acid residues of rhabdoviral pro-

teins capable of accepting phosphate in vitro.
Since viral phosphoproteins can accept in vitro
additional phosphate groups ("superphosphory-
lation") and because some viral proteins which
are not phosphorylated in the host cell become
phosphorylated in a cell-free system (for refer-
ences see the introduction), it was of interest to
find out whether the phosphate-amino acid
residue bonds formed in vitro are of the same
nature as those formed in vivo. Proteins of
purified B particles of VSV and of rabies virus
were phosphorylated by the endogenous protein
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FIG. 3. Electrophoretic fractionation ofproducts of
partial acid hydrolysis of [3H]serine-labeled rabies
virus phosphoprotein. A [3H]serine-labeled rabies
virus preparation, containing 1.7 x 10. counts per min
per sample, was subjected to hydrolysis in 2N HCI, at
110 C for 2.5 (0) or 5 (0) h. The products of
hydrolysis carrying a net negative charge were sepa-
rated by paper electrophoresis. The position of phos-
phothreonine and phosphoserine was determined by
coelectrophoresing unlabeled phosphoamino acid
standards and staining with ninhydrin. The band of
inorganic phosphate was localized by coelectrophore-
sis of [32P phosphate.

kinase in a reaction mixture containing [-y-
3:P ATP, subjected to partial acid hydrolysis,
and examined by paper electrophoresis (Fig. 4).
The hydrolysates of both viruses contained both
[32P ]phosphoserine and [32P ]phosphothreonine,
the amount of the latter being relatively very
low in the VSV preparation. Inorganic phos-
phate and phosphopeptides were present, but
3aP-labeled components migrating faster than
the inorganic phosphate were not. Of interest
was the presence in both preparations of an

unidentified 32P-labeled compound, possibly a

phosphoamino acid, that migrated between
phosphoserine and phosphothreonine. Since in
vitro phosphorylated proteins of rhabdoviruses
(F. Sokol, unpublished observation) or of other
viruses (16, 32) cannot be dephosphorylated by
treatment with hydroxylamine or acid (at rela-
tively low temperatures), the unknown com-
pound cannot contain acylphosphate bonds and
cannot represent phosphohistidine.

DISCUSSION
Cyclic AMP- or cyclic GMP-stimulated pro-

tein kinases, capable of catalyzing the phospho-
rylation of amino acid residues with a free
hydroxyl group, are widely distributed in ani-
mal tissues and organisms. These enzymes are

believed to mediate, via protein phosphoryla-
tion, most if not all physiological effects of
cyclic nucleotides in animal cells (11). The
protein kinases associated with enveloped vi-
ruses are not stimulated by cyclic nucleotides to
any significant extent (4, 6, 15, 16, 18, 21, 24, 27,
32), suggesting that they represent the free
catalytic subunits, devoid of regulatory sub-
units, of cyclic nucleotide-dependent enzymes
(19) or cyclic nucleotide-independent protein
kinases. The latter type of enzyme is also found
in a variety of tissues of different species, and
they too catalyze the formation of an ester
between phosphate and the serine and threo-
nine residues of polypeptides (11). Cyclic nu-
cleotide-dependent protein kinases, however,
are responsible for only a fraction of the total
amount of serine and threonine residue phos-
phorylation which takes place in an animal cell,
this being particularly true in the nuclei of
animal cells (8).

It is known that intracellular phosphorylation
of the core protein(s) of rhabdoviruses is accom-
plished before the envelopment of the viral
nucleocapsids (26, 28) and possibly even before
the assembly of the nucleocapsids (7, 12). It is
not known, however, whether the enzyme cata-
lyzing the intracellular phosphorylation of viral
proteins is a cyclic AMP-dependent or cyclic
nucleotide-independent protein kinase which
eventually becomes associated with mature
virus particles. Whether the enzymes involved
in in vivo and in vitro phosphorylation of viral
proteins are identical or not, they both catalyze
the phosphorylation of serine residues and, in
some rhabdoviruses, also of threonine residues
of viral polypeptides. The partial acid hydroly-
sates of rhabdovirions, but not the correspond-
ing nucleocapsids, were shown to contain as yet
unidentified phosphate- and amino acid-con-
taining compounds, the properties of which
indicate that they may represent pyrophos-
phorylated serine or threonine. If pyrophos-
phorylated amino acid residues are really shown
to be constituents of virion proteins, one would
have to assume that pyrophosphorylation oc-
curs after virus assembly and is catalyzed by a
virus-bound enzyme.

After phosphorylation of VSV and rabies
virus proteins in a cell-free system by the
endogenous protein kinase, another unknown
phosphorylated compound, possibly a phos-
phoamino acid, was detected in partial acid
hydrolysates. Acylphosphate bonds (phospho-
rylated glutamic or aspartic acid residues) (2),
phosphohistidine (9), and the -N-P- bond of
phosphoarginine (17), if present in viral phos-
phoproteins, would have been destroyed by
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FIG. 4. Fractionation by paper electrophoresis of
products of partial acid hydrolysis of in vitro phospho-
rylated VSV and rabies virus proteins. The in vitro
reaction mixtures contained in 0.29-ml volumes an
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heating in acid. Moreover, acid-labile phos-
phate-polypeptide bonds were not found in
virion phosphoproteins (16, 26, 32). The uniden-
tified phospho-compound could be phosphohy-
droxyproline.
Very few of the serine and threonine residues

of rhabdovirus proteins are phosphorylated in
vivo. Although all structural proteins of VSV
and of rabies virus contain these two amino
acids (26-28), only one protein of each virus
becomes phosphorylated in vivo. Moreover, in
vivo phosphorylation of the N protein molecules
of rabies, rabies-related, and SVC viruses is
confined only to a terminal segment of the
polypeptide chains (see the introduction), in
spite of the fact that the nonphosphorylated
portions of the polypeptides also contain serine
residues (F. Sokol, unpublished data). Data
presented in this paper are only of qualitative
character and cannot be utilized for determin-
ing the extent of in vivo phosphorylation of
rhabdovirus protein. Quantitative data should
be obtained by direct determination of the
number of phosphate groups per polypeptide.

Analyses similar to those described in the
present study were carried out with in vivo
phosphorylated proteins of vaccinia virus (20),
simian virus 40, togaviruses (33, 35), and with in
vitro phosphorylated proteins of an RNA tumor
virus (32) and of the frog polyhedral cytoplas-
mic DNA virus (24). Both serine and threonine
residues, predominantly the latter, or only ser-
ine residues were found to be phosphorylated.
One major and a few minor phosphopeptides
were detected in trypsin digests of in vivo
phosphorylated vaccinia virions. More than 15
phosphopeptides were found, however, when in
vitro phosphorylated vaccinia virus was sub-
jected to similar analysis (20). It would be of
interest to determine by fractionation of trypsin
digests the site specificity of in vivo phosphoryl-
ation of rhabdovirus core proteins.

amount of purified VSV or of rabies virus each
corresponding to 110 lAg of protein, 12.5 nmol of
[-y-32P]ATP (specific activity, 685 counts per min per
pmol), 5 t.mol of MgCI2, 5 timol of dithiothreitol, 31.5
tomol of Tris-hydrochloride (pH 7.9), 16.9 umol of
NaCl, 130 nmol of EDTA, and 0.25 Mliters of Nonidet
P-40. Incubation was at 37 C for 30 min. The phos-
phorylated virus proteins were hydrolyzed, and the
products were fractionated by paper electrophoresis
as described in Materials and Methods. No efforts
were made to remove the residual ATP adhering to
the protein precipitate, and therefore the majority of
the 32P radioactivity in the inorganic phosphate band
is derived from the nucleoside triphosphate.
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