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Protein kinases of similar but not identical activity were found associated with
vesicular stomatitis (VS) virions grown in mouse L cells, primary chicken embryo
(CE) cells, and BHK-21 cells, as well as being present in VS virions grown in
HeLa and Aedes albopictus cells. The virion kinase preferentially phosphoryl-
ated the nucleocapsid NS protein in vitro and to a lesser extent the envelope M
protein. Other virion proteins were phosphorylated in vitro only after drastic
detergent treatment. Partial evidence that the virion kinase is of cellular origin
was obtained by finding reduced enzyme activity in virions released from cells
pretreated with actinomycin D and cycloheximide. Selective detergent and
detergent-salt fractionation of VS virions revealed that the kinase activity was
present in the envelope but not the spikes. The virion kinase activity in a
Triton-salt-solubilized envelope fraction could be separated from M and G
proteins and partially purified by phosphocellulose column chromatography.
Virions released from L, CE, and BHK-21 cells infected in the presence of
[32P]orthophosphate were labeled almost exclusively in the NS protein. Both
soluble and nucleocapsid-associated NS phosphoprotein were present in cyto-
plasmic extracts of VS viral-infected L cells. The origin and function of the NS
phosphoprotein remain to be elucidated.

Since the original observation of Strand and
August (23) that protein kinase activity is
present in preparations of Rauscher murine
leukemia virus and two other enveloped viruses,
avian myeloblastosis virus and vesicular stoma-
titis (VS) virus, this enzyme activity has been
detected in a variety of other virus preparations
(6, 7, 14, 16, 20, 22). This finding coupled with
the discovery that specific viral-directed pro-
teins are phosphorylated in vivo (18, 21, 22, 24)
has led to speculation on the function and origin
of the kinase and the significance of the phos-
phorylated viral proteins in the infective proc-
ess.
Inasmuch as VS virus is an enveloped virus,

which obtains its lipoprotein coat by budding
from the host cell, it is likely that the virion
contains host cell membrane proteins in addi-
tion to lipid (12). Thus, one has to consider the
possibility that the protein kinase is an enzyme
whose synthesis is directed by the cell genome
and is captured by the virion as it buds from the
cell.

In addition to a protein kinase, VS virus
contains one protein, NS, which is phosphoryl-
ated in vivo (22). This protein, whose function is
not known, is associated with the virion nu-

cleocapsid as a minor component (13) but is a
major protein in the cytoplasm of VS viral-
infected cells (29).

In the results recorded below, we report the
solubilization of the VS virion protein kinase
and present evidence that the enzyme is enve-
lope associated and cellular in origin. Our data
also indicate selective in vitro phosphorylation
of virion NS and M proteins and extend the
findings of Sokol and Clark (22) on the in vivo
phosphorylation of the NS protein.

MATERIALS AND METHODS
Chemicals and radiochemicals. ATP and vita-

min-free casein were from Nutritional Biochemicals
Corp., Cleveland, Ohio. Dithiothreitol (DTT) was
from Calbiochem, La Jolla, Calif. Triton X-100,
Lubrol WX, and cycloheximide were from Sigma
Chemical Co., St. Louis, Mo. Nonidet P-40 (NP-40)
was from Shell Chemical, Chicago, Ill. Actinomycin D
was from Merck, Sharp & Dohme, West Point, Pa.
[32PJorthophosphate (carrier free) was from New Eng-
land Nuclear Corp., Boston, Mass. .y-y32P]ATP (10 to
20 Ci/mmol) was from New England Nuclear Corp.,
Boston, Mass., and Amersham/Searle, Arlington
Heights, Ill. [3H]leucine (50 Ci/mmol) and [3H]tyro-
sine (50 Ci/mmol) were from Schwarz/Mann, Orange-
burg, N.Y.
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Vitamin-free casein was treated as described by
Reimann et al. (17) prior to use as a substrate in
protein kinase assays.

Cell cultures, virus, and media. The cultivation
of L cells and primary chicken embryo (CE) cells has
already been described (12). BHK-21 cells were grown
in Falcon plastic flasks in Eagle BME with 10% fetal
calf serum (FCS) and 10% tryptose phosphate broth.
Confluent monolayers formed in 3 days at 37 C.
The Indiana strain of VS virus was used throughout

(12). Infectivity was titrated by plating on L-cell
monolayers under agar and the titers per milliliter
were recorded as PFU.

Infection of cells and radioactive labeling of cells
and virus. To study intracellular viral proteins, cells
were infected at a multiplicity greater than 10. After 1
h the cells were washed twice with 0.9% NaCl and
overlaid with 5 ml of phosphate-free medium which
contained Hanks salts with phosphate replaced by 25
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES) buffer (pH 7.3), one-half BME amino
acids, and BME glucose. After 2 h in the phosphate-
free medium, carrier-free [32P]orthophosphate (10
MCi/ml), [3H]leucine (10 jsCi/ml), and [3Hjtyrosine
(10 tsCi/ml) were added. After 3 additional hours cyto-
plasmic extracts of the cells were prepared as de-
scribed below.

For the production of virions labeled with "2Pi- or
3H-amino acids, or both, cells were infected at a
multiplicity of about 0.5. Virus was grown on cells in 5
ml of BME lacking unlabeled leucine and tyrosine
with one-half the usual phosphate replaced with
HEPES buffer (pH 7.3) at a final concentration of 12
mM and containing 10 yCi of carrier-free [32Plortho-
phosphate per ml and 10 ,Ci each of [3H]leucine and
[3'H]tyrosine per ml. For production of virions labeled
only with 3H-amino acids, infected cells were overlaid
with 5 ml of BME without unlabeled leucine and
tyrosine containing [3H]leucine (10 gCi/ml) and
[3Hltyrosine (10 MCi/ml).

Cell fractionation. Cytoplasmic extracts were pre-
pared by the method of Penman et al. (15). The cells
were washed twice with 5 ml of phosphate-buffered
saline solution (PBS), scraped into 5 ml of cold Earle
balanced salt solution (BSS), collected by centrifuga-
tion at 800 x g for 5 min, and washed twice by
suspending in 5 ml of BSS and centrifuging at 800 x g
for 5 min. The washed pellet was suspended in 0.5 to
1.0 ml of reticulocyte standard buffer (RSB) and
allowed to stand for 20 min. The cells were disrupted
with 20 strokes in a tight-fitting Dounce homogenizer.
The nuclei in the homogenate were centrifuged out at
800 x g for 10 min. The supernatant fraction was
retained as the cytoplasmic extract.
To separate soluble viral proteins from those al-

ready incorporated into sedimentable membranes and
viral nucleocapsids, the cytoplasmic extract was cen-
trifuged at 125,000 x g for 90 min in the Spinco
SW50L rotor (29). The supernatant fraction was
removed and the pellet was suspended in RSB equal
to one-half the centrifuged volume.

Purifi'cation of released virions. The procedure
for the partial purification of VS virus has previously
been described (4). Eighteen hours postinfection vi-
rions were harvested from the media which were

clarified by centrifugation at 800 x g for 10 min. The
media were then centrifuged at 80,000 x g for 90 min
in the Spinco SW27 rotor through a 2-ml pad of 50%
glycerol in BSS. The pellets were suspended in BSS,
sonicated, layered onto 0 to 40% linear sucrose gradi-
ents, and centrifuged for 90 min at 35,000 x g in the
Spinco SW25.1 rotor. The visible band of B particles
was removed by side puncture of the tube, diluted
with BSS, and centrifuged at 80,000 x g for 60 min in
the Spinco SW50L rotor. The pellet was suspended in
12 mM Tris-hydrochloride (pH 7.4), 1 mM MgCl,,
and 0.5 mM DTT. The protein content of each virion
preparation was measured by the method of Lowry et
al. (10).

Protein kinase assay. Protein kinase activity was
assayed by measuring the incorporation of 32p from
y- [32PJATP into trichloroacetic-precipitable mate-
rial. A standard incufbation mixture contained in a
volume of 0.1 ml: 5 umol of Tris-hydrochloride (pH
8.0), 0.4 gAmol of MgCl2, 0.05 umol of DTT, 0.1 gliter of
NP-40, 5 nmol of y-[32P]ATP (specific activity 100 to
400 counts per min per pmol), and 20 to 50 ,g of viral
protein. Incubations were for specified times at 31 C.
The reactions were terminated by pipetting 50 ;Lliters
of the reaction mixture onto a 23-mm diameter disk of
Whatman no. 3 filter paper and by immediately plac-
ing the disk in a beaker of constantly stirred 10% tri-
chloroacetic acid containing 50 mM Na4P207. The
disks were processed as described by Bollum (1), and
the radioactivity was counted in 10 ml of toluene-based
scintillation fluor.

Polyacrylamide gel electrophoresis. Samples for
gel electrophoresis were prepared in one of the follow-
ing ways. For cytoplasmic extracts proteins were
precipitated by the addition of 2 volumes of cold 95%
ethanol. After standing overnight at 4 C, the ethanol
precipitates were collected by centrifugation at 1,000
x g for 10 min and dissolved in 10 mM HEPES (pH
7.4), 1% sodium dodecyl sulfate (SDS), 1% 2-mercap-
toethanol, and 8 M urea. "2P-labeled virion pellets
were dissolved directly in the above HEPES, SDS,
mercaptoethanol, and urea buffer. Proteins from
protein kinase incubations were precipitated after
adding 50 ug of bovine plasma albumin by the
addition of an equal volume of cold 20% trichloroace-
tic acid. After 15 min at 4 C, the precipitate was
collected by centrifugation and washed once with 10
volumes of cold acetone. The washed pellet was
dissolved in the HEPES, SDS, mercaptoethanol, and
urea buffer. Samples were placed in a boiling-water
bath for 2 min prior to placing on gels. As previously
described (29), electrophoresis was on 7.5% acrylam-
ide gels containing 0.1% SDS using 100 mM sodium
phosphate (pH 7.4) at 5 mA per gel. After electropho-
resis the gels were frozen and cut into 1.25-mm slices.
Protein was extracted from each slice by incubation
for 2 h at 50 C in 0.5 ml of solubilizer-water (9:1)
(Nuclear-Chicago Corp.). Toluene-based scintillation
fluor (10 ml) was added, and the samples were
counted in a scintillation spectrometer.

RESULTS
Comparative protein kinase activity of VS

virions grown in different cells. We initially
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addressed ourselves to the question of whether
the protein kinase in VS virions is of viral or
cellular origin. Protein kinase activity was read-
ily detectable in partially purified VS virions
released from cells of five different animal
species: mouse L cells, CE cells, BHK-21 cells,
human HeLa cells, and mosquito Aedes al-
bopictus cells. These data did not help to
resolve the question of whether the protein
kinase (s) is a cellular or viral protein. Another
approach to this question was to compare the
enzyme kinetics of protein kinase associated
with VS virions grown in different cell lines.
VS virions grown in L, CE, and BHK-21 cells

were partially purified by differential and rate
zonal centrifugation. Equivalent amounts of
each virion preparation were used to determine
the Km and Vmax values for Mg-ATP of each
virion enzyme. The enzyme assays were per-
formed at pH 8.0 to ensure that essentially all
the ATP was in the form of ATP' and suffi-
cient Mg2+ to ensure that all ATP was com-
plexed with magnesium ions.

Figure 1 shows the double reciprocal plots
when Mg-ATP is the variable substrate of the
kinase reaction catalyzed by enzyme in VS
virions grown in L, CE, or BHK-21 cells. The
Fig. 1 inset gives the figures calculated for the
two kinetic parameters. The Km values are
quite similar for all three virion preparations
and may reflect the intracellular concentration
of ATP in the cells of origin. The Vmax values are
also similar but, on repeated determinations,
we have consistently found the specific activi-
ties of kinases of VS virions from CE and
BHK-21 cells to be 2 to 2.5 times greater than
that of kinase of L-cell-grown virions. Prepara-
tions of virions obtained from HeLa or A.
albopictus cells were inadequate for compara-
tive kinetic analysis of their enzymes.
These data suggest, but do not prove, that the

VS virion kinase is of cellular origin even though
similar enzymes are found in virions produced
by cells of five different animal species.
Protein kinase activity ofVS virions grown

in L cells pretreated with actinomycin and
cycloheximide. If the protein kinase of VS
virions is of cellular rather than of viral origin,
exposing cells prior to infection with inhibitors
of mRNA and protein synthesis should reduce
the amount of enzyme found associated with
virions grown in these cells.
Monolayer cultures of L cells were exposed for

12 h prior to infection to medium containing
actinomycin D (2 ,g/ml) and cycloheximide (50
jsg/ml), or to actinomycin alone. This amount of
actinomycin for 2 h resulted in 93% inhibition of
trichloroacetic acid-precipitable [3H]uridine in-

corporation; cycloheximide present for 2 h re-
duced by 96% the incorporation of [3H]leucine
into trichloroacetic acid-precipitable cellular
extracts. Inhibitor-treated and control cells
were then infected with VS virus at a multiplic-
ity of 0.5 PFU/cell and incubated at 37 C in
medium free of actinomycin or cycloheximide.
Virions released into the medium were collected
at 17 h postinfection, purified by rate zonal
centrifugation, and assayed for kinase activity,
protein content, and infectivity.

[Mg ATP'm

FIG. 1. Lineweaver-Burke plots showing the effect
of Mg-ATP concentration on the velocity of the
protein kinase reaction for VS virions grown in differ-
ent cells. Protein kinase activity ofpurified VS virions
grown in L cells (0), CE cells (P), or BHK-21 cells
(A) was assayed in a standard reaction mixture con-
taining excess Mg2+ (2.0 mM) but varying amounts of
ATP to produce levels of Mg-ATP'- of 0.005, 0.0067,
0.010, 0.025, 0.050, and 0.10 mMW. The specific activity
of y- [32P]ATP was 173 counts per min per pmol. Vita-
min-free casein was present at a constant concentra-
tion of 5.0 mg/mi. Reaction mixtures were incubated
for 5 min at 31 C. Acid-precipitable radioactivity was
measured by pipetting 50-gliter samples of the incu-
bation mixtures onto filter paper disks which were
immediately placed into constantly stirring 10%o tri-
chloroacetic acid containing 50 mM Na.P2O7 . 32p in
processed disks was counted by scintillation spectro-
metry. Virion protein concentration was measured by
the method of Lowry (10). The inset shows the calcu-
lated values of Km (mM) and V,ftax (picamoles of 32p
incorporated per minute per milligram of protein) for
virions grown in each cell type.

VOL. 13, 1974 115



IMBLUM AND WAGNER

The results of a typical experiment are shown
in Table 1. It is apparent from this and another
experiment that pretreatment of L cells with
actinomycin or with actinomycin plus cyclohex-
imide resulted in appreciable diminution of
specific kinase activity. These data are reported
as specific enzyme activity based on protein
concentration of each preparation, which was
roughly equivalent for purified virions released
from inhibitor-pretreated or untreated cells.
This effect of actinomycin supports the hypoth-
esis that the protein kinase is of cellular origin.
More difficult to explain are the results shown

in Table 1 of two- or three-fold reduction in
specific infectivity of these purified virions
released from inhibitor-pretreated cells. No evi-
dence for excess quantity of defective T parti-
cles was found in sucrose density gradients.
Similar reduced infectivity of VS virions caused
by actinomycin has been reported (30). Con-
ceivably, this effect on specific infectivity could
be attributable to reduced concentration of
protein kinase in the virion or, of course, to an
effect on other cellular enzymes. Such a possi-
bility has already been suggested for the protein
kinase of frog polyhedral cytoplasmic deox-
yribovirus (6).

Identification of VS viral phosphopro-
teins phosphorylated in vitro by the kinase
of virions grown in different cells. Strand and

TABLE 1. Protein kinase activity and infectivity of VS
virions grown in L cells that were pretreated with

actinomycin D or actinomycin D and cycloheximide

Protein kinase

Pretreatment of specific activity Total SpecificPretreatment of (pmol of 32P proteinb infectivitycL cellSa incorporated per (mg) (PFU/mg)
min per mg)

None ............ 155 0.09 2 x 109
Actinomycin D ... 40 0.14 9 x 108
Actinomycin D
+ cycloheximide 73 0.07 7 x 108

a Confluent monolayer cultures of L cells were pretreated
by incubation for 12 h in BME plus 2% FCS to which was
added nothing (controls), actinomycin D (2 ug/ml), or ac-
tinomycin D (2 jgg/ml) plus cycloheximide (50 ug/ml). Cul-
ture medium was then removed, the cell layers were washed
twice with PBS, and the cells were infected with VS virus at a
multiplicity of 0.5 PFU/ml. After further incubation for 18 h
at 37 C, released virions in medium were collected and
purified by differential and rate zonal centrifugation. Protein
kinase activity of these virions was measured as described in
Materials and Methods in the presence of casein (2.5 mg/ml).
The specific activity of y-[32P]ATP was 230 counts per min
per pmol.

h Determined by the Lowry method.
c Plaque assays performed on monolayers of L cells.

August (23) reported that all five proteins of VS
virions were phosphorylated in vitro by the
endogenous protein kinase. They did not report
the cells in which the VS virions were grown or
details of the assay conditions, but we and F.
Sokol (personal communication) have obtained
similar results only when VS virions were com-
pletely disrupted by drastic treatment with
detergents (see Table 2). It was of interest to
determine whether virion proteins could be
selectively phosphorylated when the kinase was
activated gently by low concentrations of a
nonionic detergent that should not disrupt the
virions (9).

Purified VS virions labeled with 3H-amino
acids and released from L, CE, and BHK-21
cells were incubated for 30 min at 31 C in 0.1 ml
of a standard kinase assay mixture containing
0.1% NP-40, 5 nmol of y- [32P]ATP, but no
added protein substrate. The viral 3H-labeled
proteins were then precipitated, extracted with
SDS and urea, and analyzed by electrophoresis
on 7.5% acrylamide gels.

Figure 2 demonstrates the selectivity with
which the endogenous kinase phosphorylated
the viral proteins under these conditions. Only
insignificant amounts of 32p could be found
associated with viral 3H-labeled proteins N, G,
and L. In contrast, proteins NS and M were
heavily phosphorylated in virions derived from
L cells (Fig. 2A), CE cells (Fig. 2B), and
BHK-21 cells (Fig. 2C). Quite striking was the
specific 32p radioactivity of the minor nu-
cleocapsid NS protein, which is hereby desig-
nated a phosphoprotein.

Similar results were obtained by in vitro
phosphorylation of viral proteins NS and M in
virions derived from A. albopictus cells. These
data strongly suggest that the substrate speci-
ficity and perhaps the location within the virion
of VS viral proteins are more important for their
phosphorylation than is the cellular origin of the
protein kinase.

Virion location of protein kinase and its
separation from virus-specific proteins. VS
virions are constructed of two major compo-
nents, the nucleocapsid and the envelope (27).
In addition to lipids and glycolipids, the enve-
lope is composed of two of the five virion
proteins: the matrix or M protein, which is the
main structural element, and the glycoprotein
(G), which forms the spikes that protrude from
the envelope. The remaining three virion pro-
teins, N, L, and NS, are complexed with the
viral RNA to constitute the nucleocapsid.
Treatment of VS virions under different con-

ditions promotes the selective release of each of
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FIG. 2. Phosphorylation in vitro of VS viral proteins by the protein kinase of purified VS virions grown in L,
CE, and BHK-21 cells. Virions that had been labeled with 3H-amino acids were incubated at 31 C for 30 min in
the standard protein kinase assay mixture containing y_ [S32P TP (5 nmol, 300 counts per min per pmol) but
without added casein substrate. After incubation, the viral 3H-labeled proteins were precipitated with cold 10%
trichloroacetic acid, washed with cold acetone and dissolved in 10 mM HEPES buffer (pH 7.4) containing 1%
SDS, 1% 2-mercaptoethanol, and 8 M urea. After boiling the mixture, the proteins were subjected to
electrophoresis for 9 h at 5 mA on 7.5% polyacrylamide gels. Gel slices of -1.25 mm were dissolved in solubilizer
and toluene-based fluors (Nuclear-Chicago Corp.) and counted in a scintillation spectrometer. Arrows mark the
positions of VS virion proteins L, G, N, NS, and M.

the virion proteins. Exposure to the nonionic almost none of the other four virion proteins (9).
detergent, Triton X-100, in a very low-salt Increase in salt concentration to 0.3 M causes
buffer solubilizes almost all the G protein but release of M protein as well as G but leaves the
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nucleocapsid intact (4). Other detergents, par-
ticularly ionic detergents, produce more drastic
disruption of the virion (28).
With these data in mind, a number of differ-

ent detergent mixtures were tested as solubiliz-
ers of VS virion protein kinase and of virion
proteins labeled with 3H-amino acids. After
treatment with each detergent for 30 min at
4 C, the virions were separated into pellet and
supernatant fractions, each of which was then
assayed for kinase activity. In addition, the
supernatant and pellet fractions were tested by
polyacrylamide gel electrophoresis for their con-
tent of 3H-labeled protein and 32P-labeled pro-
tein.
Table 2 summarizes the relative capacity of

the various detergents to solubilize virion kinase
and 3H-labeled proteins. Quite obviously, solu-
bilization of G protein does not result in signifi-

TABLE 2. Capacity of different detergents to
solubilize protein kinase of VS virions correlated with
the viral proteins solubilized and phosphorylated

Percent I VS viral proteinsc
Detergent
treatmenta Super- Solubi- Phospho-

natant Pellet lized rylated

0.5% Triton ...... 9 85 G NS, M
0.5% Triton + 0.3 M
NaCl.65 25 G,M NS,M

0.5% BRIJ 58 0 75
0.1% BRIJ 58 + 0.1%
DOC .. 4 90 G NS, M

0.5% Lubrol-WX 0 65 G G, NS, M
0.5% Lubrol-WX +

0.2% digitonin 0 92 G(1/3) G, NS, M
0.1% NP-40 .. .. 15 70 G, M NS, M

a VS virions labeled with 3H-amino acids were purified by
rate zonal centrifugation and suspended in 12 mM Tris-
hydrochloride (pH 8.0), 1 mM MgCl,, and 0.5 mM DTT.
Virions at a protein concentration of -2 mg/ml were treated
with various detergent solubilizers with constant stirring for
30 min at 4 C, except that treatment with 0.1% NP-40 was for
10 min at 30 C. DOC, Deoxycholate.

After treatment with detergents, the VS virions were
separated into supernatant and pellet fractions by centrifuga-
tion at 125,000 x g for 90 min. The pellet fraction was
suspended in the original buffer to the original volume. The
pellet and supernatant fractions were assayed for protein
kinase activity in the presence of added casein. Percent
activity recovered is based on kinase activity of control
unfractionated virions.

cSamples of supernatant and pellet fractions used for
kinase assay were analyzed after extraction for their composi-
tion of VS viral 3H- and 32P-labeled proteins by electrophore-
sis on 7.5% SDS-polyacrylamide gels. VS viral proteins
recorded as phosphorylated represent all those labeled with
32p in gel sections of electrophoresed supernatant and pellet
of each detergent-treated preparation. No gels were analyzed
for the 0.5% BRIJ 58 preparation.

cant release of kinase activity from the virion.
Significant kinase activity could be found in the
supernatant fractions only when some of the M
protein was liberated by detergent action. The
most effective solubilizer of protein kinase was
Triton X-100 in the presence of 0.3 M NaCl. NS
and M proteins were the best (or most availa-
ble) substrates for phosphorylation by the en-
dogenous virion kinase, but the G protein could
also be phosphorylated when virions were dis-
rupted with Lubrol-WX.

In repeated experiments, Triton X-100 in the
presence of 0.3 M NaCl solubilized 60 to 75% of
the protein kinase activity without solubilizing
any N, L, or NS proteins from the sedimentable
nucleocapsid. Therefore, it seems reasonable to
assume that the virion kinase activity is not
associated with nucleocapsid N, L, or NS pro-
teins, nor is the G protein responsible for kinase
activity. The most logical hypothesis was that
the VS virion protein kinase was a membrane
protein associated with the spikeless virion
envelope. The kinase solubilized by Triton-0.3
M NaCl could be the viral M protein or a
nonviral membrane component. To distinguish
between these possibilities, VS virions grown in
L cells and labeled with 3H-amino acids were
treated with Triton X-100 in 0.3 M NaCl and
pelleted by centrifugation at 125,000 x g. The
resulting supernatant was fractionated by ad-
sorption on a phosphocellulose column and
eluted by 0.5 M NaCl. The column effluent was
assayed for kinase activity and for 3H-labeled
protein, which were subsequently characterized
by disc gel electrophoresis.

Figure 3 shows the elution profiles of solubi-
lized virion kinase and envelope 3H-labeled
protein from a phosphocellulose column. Most
of the enzyme activity eluted late in association
with only a small amount of trailing 3H-labeled
protein. In contrast, almost all the 3H-labeled
protein came off the column in two earlier peaks
with only a slight leading shoulder of enzyme
activity.
The first phosphocellulose peak was free of

enzyme and contained only protein G. The viral
3H-labeled proteins in fraction 20 and 29 of the
phosphocellulose column (Fig. 3) were also
analyzed by polyacrylamide gel electrophoresis.
Fraction 20, which contained 58% of the protein
and 9% of the kinase activity, consisted of 30%
protein G and 67% protein M. Fraction 29,
which represented 91% of the kinase activity,
contained no protein G and about 3% of the
amount of protein M found in peak 20. When
the major kinase peak 29 was rechromato-
graphed on phosphocellulose, most of the en-
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zyme eluted in the same position with almost no
contaminating 3H-labeled protein.
These data indicate that the protein kinase in

VS virions is not one of the identifiable viral
proteins but is presumably a cellular enzyme
that is solubilized by treatment of virions with
Triton-0.3 M NaCl. The presence of some ki-
nase activity associated with proteins G and M
eluted from the phosphocellulose column could
be due to the tendency of these proteins to
aggregate under these conditions (S. U. Emer-
son, personal communication), with resultant
entrapment of the enzyme. The possibility ex-
ists, of course, that the earlier eluting protein
kinase is a different species of enzyme from the
major component. Rechromatographing the ki-
nase associated with proteins G and M resulted
in elution in the same position. However, the
same pattern of kinase and viral 3H-labeled
protein elution from phosphocellulose was ob-
tained with the Triton-0.3 M NaCl-solubilized
fraction of VS virions grown in BHK-21 cells.

In vivo phosphorylation of proteins in VS
virions released from infected L, CE, and
BHK cells. If any significance is to be attached
to the demonstrated presence of a VS virion
protein kinase capable of phosphorylating viral
proteins, at least minimal evidence must be
obtained for the existence of viral phospho-
proteins in infected cells which can also be
incorporated into released virions. It was also
essential to determine whether in vitro selective
phosphorylation by virion kinase of certain VS
viral proteins, particularly NS protein, also
occurs in vivo.

Cultures of L, CE, and BHK-21 cells were
infected with VS virus and incubated in me-
dium containing carrier-free [32Plorthophos-
phate and 3H-amino acids. Virions in medium
harvested 18 h after infection were concentrated
and partially purified. Proteins extracted from
these virions with SDS, urea, and 2-mercapto-
ethanol were analyzed on SDS-acrylamide gels
assisted by a double-label program for 32P and
'H.

Figure 4 shows conclusively that NS phospho-
protein is the principal viral protein phospho-
rylated in vivo, and that this phosphoprotein is
incorporated into VS virions. Roughly equiva-
lent amounts of 32p were incorporated into the
NS protein of virions grown in L (Fig. 4A), CE
(Fig. 4B), and BHK-21 (Fig. 4C) cells, indicat-
ing again that the substrate potential of the NS
protein is more important for phosphorylation
than is the activity of the cellular enzyme. It is
also evident in Fig. 4 that the major envelope
protein M is also phosphorylated in vivo to a

'O 20- 05 M NaCI 1.0 M NaCI 20-o
0 2 0

15-
I' 'S

,,
3H-protein-,c

~~I0 / \~~~~-kinase 10C

4 12 20 28 36 44 52 60
Fraction

FIG. 3. Fractionation by phosphocellulose column
chromatography of solubilized protein kinase and 'H-
labeled proteins of VS virions. VS virus grown in L
cells labeled with 'H-amino acids was partially puri-
fied by rate zonal centrifugation and then disrupted by
incubation for 15 min at 4 C in 12mM Tris-hydrochlo-
ride (pH 8.0), 1 mM MgCil, 0.5 mM DTT, 0.5% Tri-
ton X-10(0, and 0.3M NaCI. The virus suspension was
then centrifuged for 90 min at 115,000 x g; the super-
natant fraction containing viral proteins G and M was
dialyzed twice for a total of 3 h against 100 ml of 50
mM Tris-hydrochloride (pH 7.4), 25% glycerol, 0.1%
Triton X-100, and 0.1 mM DTT. This material was
applied to a 4-mI phosphocellulose column that had
been equilibrated with the dialysis buffer. The column
was washed with two column volumes of the dialysis
buffer, and then with four column volumes of dialysis
buffer containing 0.5 M NaCI, and finally with dialy-
sis buffer containing 1.0 M NaCI. Fractions were as-
sayed for protein kinase by the standard procedure
with casein (2.5 mg/ml) as substrate. Viral sH-labeled
protein was assayed as acid-precipitable radioactivity.
The specific activity of 'y-[32PATP was 154 counts
per min per pmol.

very limited extent, not unlike the phosphoryla-
tion ofM protein in vitro by the virion kinase. In
contrast, proteins G and N appear to have little
acceptor capacity for phosphate. Conclusions
about protein L are not so clear because of the
very large amount of 32P radioactivity at the top
of the gel, which is undoubtedly due to
[32PIRNA. When this RNA was digested with
RNase before electrophoresis, it was more ap-
parent that L protein is slightly or not at all
phosphorylated.
These data confirm the finding of Sokol and

Clark (22) that the NS protein is selectively
phosphorylated in vivo and extend this observa-
tion to show that the pattern of phosphorylation
is not dependent on the cell used to propagate
the virus. Moreover, when L cells were exposed
to actinomycin D (2 gg/ml) and cycloheximide
(50 Wg/ml) for 12 h prior to infection with VS
virus, the amount of 32P incorporated into NS
protein of released virions was approximately
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FIG. 4. Phosphorylation in vivo of VS viral protein in virions released from cells infected in the presence of
[32P]orthophosphate. Cultures of L, CE, and BHK cells were infected with VS virus at a multiplicity of 0.5
PFU/cell and incubated in BME which contained 10 uCi of carrier-free [32P]orthophosphate per ml and 10 MCi
each of [3H]leucine and [3H]tyrosine per ml. VS virions in the medium 18 h after infection were partially puri-
fied by rate zonal centrifugation. The proteins extracted with 1% SDS, 0.1% 2-mercaptoethanol, and 8 M urea
were subjected to electrophoresis on 7.5% polyacrylamide gels. Arrows mark the positions of VS virion proteins
L, G, N, NS, and M.

the same as that in NS protein from virions of
cells not exposed to RNA and protein inhibitors.
This result possibly indicates that the cellular
kinase that phosphorylates the NS protein in

vivo may be different from the actinomycin-
sensitive kinase incorporated into the VS virion.
Phosphorylation of intracellular VS viral

proteins. Although the NS protein is only a
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minor component of the VS viral nucleocapsid
(13, 26), a soluble protein with identical electro-
phoretic mobility is present as a major constitu-
ent in the cytoplasm of infected cells (29).
Therefore, we sought to determine whether the
soluble NS-like protein was also preferentially
phosphorylated as the nucleocapsid NS phos-
phoprotein. We also hoped to shed some light on
the question of precursor-product relationship
of the soluble and nucleocapsid NS proteins.
These experiments were performed by infect-

ing monolayer cultures of L cells at a multiplic-
ity of 10 PFU/cell and then labeling at 3.5 h
postinfection with [32P]orthophosphate and 3H-
amino acids in medium free of carrier inorganic
phosphate. At 6 h postinfection, the cells were
disrupted and the cytoplasm was separated into
supernatant and pellet fractions by centrifuga-
tion at 125,000 x g for 90 min. The pellet and
supernatant fractions, as well as unfractionated
cytoplasm, were analyzed for 3H-labeled pro-
teins and phosphoproteins by SDS-acrylamide
gel electrophoresis.

Figure 5 reveals the presence of a major
U2P-labeled protein peak, the migration of which
corresponds to that of NS 3H-labeled protein, in
unfractionated cytoplasm (Fig. 5A), as well as
the cytoplasmic supernatant fraction (Fig. 5B)
and cytoplasmic pellet fraction (Fig. 5C) of VS
viral-infected L cells. As expected, the concen-
tration of NS 3H-labeled protein was greater in
the supernatant fraction than in the pellet, but
the specific 32p radioactivity was equivalent for
the soluble and nucleocapsid NS protein. The
fact that this ratio of 32P-3H was about the same
for the supernatant and pellet NS proteins
suggests that there is not a large pool of unphos-
phorylated NS protein and that the NS protein
is phosphorylated before incorporation into nu-
cleocapsid.

It was not possible to determine whether the
M protein (or any other except NS) is phospho-
rylated in the infected L cell. The M protein is
always a minor constituent of the pelleted
membrane fraction (29), as noted by 3H-labeled
protein electropherograms in Fig. 5C. The high
background of 32p, probably caused by slow
migrating cellular phosphoproteins and fast
migrating phospholipids, makes impossible de-
termination of low level phosphorylation of
other virion proteins. The same patterns of
phosphorylation of NS protein were also present
in extracts of VS viral-infected CE and HeLa
cells, although the background levels of 32p in
these gels were even higher than in those of
infected L cells, which made interpretation
even more difficult.

Pulse-chase experiments were attempted
with VS viral-infected L cells in an attempt to
determine if the soluble NS phosphoprotein is a
precursor of the nucleocapsid NS phospho-
protein. These studies were not successful be-
cause both [32P]orthophosphate and 3H-amino
acids were always chased into rather than out of
protein. Pulse times as short as 5 or 10 min with
32p did not consistently label protein. By using
longer pulses of 30 or 60 min, the NS protein of
nucleocapsid pellets was never labeled with 32p
before the NS protein supernatant fraction.
This result is consistent with the thesis that the
NS protein is phosphorylated before incorpora-
tion into nucleocapsids, but much better data
are required to establish this point.
An attempt was also made to study the

phosphorylation of intracellular NS protein in L
cells which had been pretreated with ac-
tinomycin D (2 ug/ml) and cycloheximide (50
sgIml), or with actinomycin D alone, for 12 h

prior to infection with VS virus. The proteins of
these infected cells were analyzed by polyacryl-
amide gel electrophoresis by the protocol de-
scribed in the legend to Fig. 5. The results (not
shown) indicate that substantial, but perhaps
slightly reduced, phosphorylation of the NS
protein still occurs despite reduced protein
synthesis in the cell. These data must be
interpreted with some caution because the ef-
fect of actinomycin and cycloheximide on intra-
cellular pool sizes is not known.

DISCUSSION
Despite the fact that a protein kinase is

present in VS virions grown in five widely
divergent cell types, and despite the fact that
the same virion proteins are selectively phos-
phorylated regardless of the cell of origin, these
kinases are most likely of cellular rather than of
viral origin. In support of the contention that
the virion kinases are cellular enzymes are: (i)
comparative kinetic data on enzymes of differ-
ent virions, (ii) evidence for deficient enzyme
activity in virions grown in actinomycin-pre-
treated cells, and (iii) separation of viral pro-
teins from virion kinase by phosphocellulose
column chromatography. That viral infection
does not induce the synthesis of cellular kinase
is suggested by the finding that purified kinase
from virions grown in the presence of 3H-amino
acids was essentially free of cochromatographed
3H-labeled protein. Further evidence that the
virion incorporates preformed rather than newly
synthesized kinase is provided by the finding
that pretreatment of cells with actinomycin or
cycloheximide did not eliminate kinase activity
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FIG. 5. Phosphorylation of VS viral L-cell-associated proteins. Cultures of L cells were infected with VS
virus at a multiplicity > 10 PFU/cell and labeled from 3.5 to 6 h postinfection in a medium which contained 10
MCi of carrier-free [32Pjorthophosphate per ml and 10 ACi each of [3HJleucine and [3Hjtyrosine per ml. Cyto-
plasmic extracts of the cells, prepared by Dounce homogenization at 6 h postinfection, were centrifuged for 90
min at 125,000 x g. Portions of the unfractionated cytoplasmic extract (A), and of the supernatant (B) and
pellet (C) fractions, were subjected to electrophoresis on 7.5% polyacrylamide gels. Arrows mark the positions
of virion proteins L, G, N, NS, and M.

in subsequently released virions. These experi- consistent finding of two separable peaks of
ments do not exclude the possibility that viral enzyme activity on phosphocellulose chroma-
infection modifies the host protein kinase. tography of VS virion kinase. The linear ki-
No final interpretation can be offered for the netics for double reciprocal plots of kinase
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activity in virions grown in three different cell
types suggests the presence of a single enzyme
in each preparation. It seems likely that the
minor enzyme peak seen eluting from phos-
phocellulose columns is due to absorption and
trapping of kinase by aggregated viral G and M
proteins. However, the possible existence of two
virion kinases has not been ruled out. The
possibility that the protein kinases are not part
of the virion can not be discounted completely
but seems very unlikely. Even after extensive
purification by the method of McSharry and
Wagner (12), which eliminates 99.9% of con-
taminating host cell material, the kinase activ-
ity was still associated with the infectious virion
(unpublished data).

Controlled detergent disruption of purified
VS virions provided some basis for locating the
protein kinase in the virion. Little or no enzyme
was solubilized by treatment with nonionic
detergents that liberated virtually all of spike
protein G. Little residual enzyme activity was
present in nucleocapsids devoid of envelope.
Most of the kinase activity could be recovered in
a fraction solubilized by Triton X-100 in the
presence of 0.3 M NaCl, which also strips off the
envelope protein M. The assumption seems
reasonable, therefore, that VS virion protein
kinase is a membrane enzyme derived from cell
membrane. Smooth membrane of uninfected or
infected L cells banded in a sucrose density
gradient showed a considerable amount of pro-
tein kinase activity (unpublished data). Other
evidence for membrane location of the VS virion
kinase is based on selective phosphorylation in
vitro of M protein, as well as NS protein, after
activation by very small amounts of NP-40. The
likely explanation for phosphorylation of matrix
protein M under these conditions is its accessi-
bility as a substrate in the virion membrane. An
extension of this logic might also apply to the
selectivity of in vitro phosphorylation of NS
protein by the virion kinase. Structural models
of the VS virion have been proposed in which
the nucleocapsid is wound up in juxtaposition
to the envelope and particularly to the M
protein (2). The NS protein presumably occu-
pies an exterior position on the nucleocapsid
because it can be readily removed merely by a
hypertonic environment (4, 5). Conceivably,
therefore, the NS phosphoprotein serves to bind
the nucleocapsid to the viral membrane, possi-
bly through some noncovalent linkage with the
M protein. In this position, both the NS and M
protein could be phosphorylated by the cell
membrane-derived protein kinase.
Much additional data are required to prove

the relationship, if any, of the virion kinase to

the specificity of intracellular phosphorylation
of VS viral proteins. Although in vivo phospho-
rylation is almost exclusively of the NS protein,
it is difficult to visualize the cellular site of this
chemical reaction, to say nothing of its purpose.
The cytoplasmic-soluble NS protein is phospho-
rylated at least as readily as the nucleocapsid
NS protein, and there is no evidence that either
is membrane associated. A possible hypothesis,
therefore, might be that the intracellular NS
protein(s) is not phosphorylated by the cell
membrane-associated protein kinase. Proteins
of non-enveloped viruses devoid of kinase activ-
ity are still phosphorylated in vivo (21, 24).
Conceivably, the protein kinase of enveloped
viruses does not function in viral replication but
serves in some way to promote penetration by
fusion of the virion envelope with the cytoplas-
mic membrane of the host cell (8).
The function of the VS viral NS phospho-

protein is completely unknown (4, 5). Because
of its association with the nucleocapsid, some
speculation has centered about a conceivable
role in regulating the fidelity of transcription
catalyzed by the L-protein transcriptase (5).
The relationship of the VS virion kinase to the
virion phosphotransferase described by Roy and
Bishop (19) also remains to be investigated.
Since VS viral RNA synthesis also demands the
existence of an RNA replicase, and only NS
protein of the five VS viral proteins has not been
assigned a function, the NS phosphoprotein is
also a candidate for the viral RNA replicase.
Much speculation has revolved around the role
of phosphoproteins interacting with nucleic
acids as a basis for control of cellular transcrip-
tion and replication (3, 11, 25), but firm evi-
dence for these functions is also lacking. Similar
possibilities exist for investigating the functions
of the many viral phosphoproteins that have
been and will be described.
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