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The effects of phosphonoacetic acid on the synthesis of herpesvirus saimiri-
specific polypeptides in productively infected cells were examined. At concentra-
tions that inhibited virus DNA synthesis (>150 ,ug/ml), phosphonoacetic acid
prevented the synthesis of the majority of virus-specific polypeptides while
allowing the synthesis of a subset of virus proteins (i.e., 110,000 [110K], 76K,
72K, 51K, 48K, 29K, 24K, and 20K or 21K) and the protracted synthesis of host-
specified polypeptides. Other inhibitors ofDNA synthesis (e.g., cytosine arabino-
side) showed the same selective inhibition of late virus protein synthesis and
identified the same resistant subset of early virus-specific polypeptides. This
DNA synthesis-independent subset included the 51K phosphoprotein, which,
together with the 110K, 48K, and 31K polypeptides, accumulated in the nuclear
fraction of infected cells.

Events coupled to the synthesis of virus DNA
represent important regulatory steps in the con-
trol of herpesvirus gene expression (2, 4, 10, 13).
Studies of several herpesviruses, including her-
pes simplex virus, cytomegalovirus, and Ep-
stein-Barr virus, showed early groups of DNA
synthesis-independent proteins and late groups
whose normal synthesis is dependent on virus
DNA replication (4, 6, 10, 12). These studies
were facilitated by the use of phosphonoacetic
acid (PAA), a drug that has been shown to
selectively inhibit herpesvirus DNA replication
and whose site of action, at least for herpes
simplex virus, was shown by biochemical and
genetic analysis to reside in the virus DNA
polymerase (7, 8, 11).
We recently identified more than 30 virus-

induced polypeptides in cells productively in-
fected with herpesvirus saimiri (HVS), the ma-
jority of which satisfied multiple criteria for
virus specificity (lla). We also showed that
HVS replication is highly sensitive to PAA,
confirming the results of Barahona et al. (1), and
extended these observations with the demon-
stration that HVS DNA synthesis was selective-
ly inhibited by the drug. Thus, in the presence of
>100 ,ug of PAA per ml, plaque formation was
reduced to 0.001% of the control value and the
onset of virus DNA synthesis during high-multi-
plicity infections was inhibited. In addition we
provided evidence for the synthesis of a novel
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PAA-sensitive DNA polymerase during HVS
infection and isolated a PAA-resistant (PF) mu-
tant that plaques efficiently in the presence of
about 100 ,ug of PAA per ml and shows in-
creased drug resistance of the virus-induced
DNA polymerase in vitro (P. O'Hare, Ph.D.
thesis, Council for National Academic Awards,
London, England, 1982; P. O'Hare et al., sub-
mitted for publication). In this paper we used
PAA to examine the relationship between virus
DNA replication and protein synthesis during a
productive infection with HVS. The results
showed that synthesis of the majority of HVS-
specified polypeptides was sensitive, whereas
that of a subset of virus-specific proteins was
resistant, to concentrations of PAA (>150 pug/
ml) that inhibit the onset of virus DNA replica-
tion.

High-multiplicity infections (5 PFU/cell) of
permissive cultures of owl monkey kidney
(OMK), green monkey kidney (Vero), and mar-
moset kidney (MAK) cells were performed with
the attenuated strain of HVS (llAtt) (lla).
Where appropriate, different concentrations of
PAA were added immediately after removal of
the virus inoculum (1.5 h after infection). Condi-
tions for radiolabeling of infected and mock-
infected cells with [35S]methionine and methods
for cell fractionation and one- and two-dimen-
sional sodium dodecyl sulfate-polyacrylamide
gel electrophoresis are given elsewhere (lla) or
in the figure legends.

Figure 1 shows the effects of different concen-
trations of PAA on protein synthesis in Vero
cells infected with HVS. Clearly PAA had a
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FIG. 1. Autoradiogram of 10 (A) and 15% (B) polyacrylamide gel slabs containing electrophoretically
separated proteins from lysates of Vero cells labeled with 5 ,Ci of [35S]methionine per ml from 4 to 12, 24 to 31,
and 50 to 58 h after infection with 5 PFU of HVS (llAtt) per cell. Infected cultures were maintained in the
presence of 0, 10, 50, 100, or 300 pug of PAA per ml. Filled and open arrows, Virus-induced polypeptides whose
synthesis was relatively sensitive or resistant, respectively, to PAA; short bars, proteins whose sensitivity could
not be unambiguously determined due to comigrating host components during one-dimensional electrophoresis.
Selected virus-specific polypeptides are indicated by their apparent molecular weights (in thousands) as
previously described (lla).

profound and selective effect on the pattern of
infected cell protein synthesis, with virus-in-
duced proteins differing markedly in their sensi-
tivity to the drug. During the 4- to 12-h labeling
interval (when virus DNA synthesis in control
cultures is less than 10% of its maximal rate [3;
submitted for publication]), the only virus-in-
duced polypeptide detected at this time, 110,000
(110K), was resistant to concentrations of PAA
up to 300 Lg/ml. The synthesis of most of the
major virus-induced polypeptides was detected

between 24 and 31 h, at which time rates of virus
DNA synthesis were maximal in control cul-
tures; of these polypeptides, at least six (110K,
90K, 76K, 51K, 48K, and 31K) were resistant to
PAA concentrations up to 100 ,ug/ml, while the
majority of virus proteins were clearly sensitive.
For example, the synthesis of the 160K and
150K polypeptides was considerably reduced in
the presence of 50 xLg of PAA per ml (compare
the sensitive synthesis of the 160K and 150K
proteins with the resistant synthesis of the 110K
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protein in Fig. 1). Similarly, the synthesis of the
32K and 28K proteins was reduced in the pres-
ence of 50 ,ug ofPAA per ml and undetectable at
300 ,ug/ml, at which concentration the synthesis
of the 31K polypeptide was readily detected
during the 24- to 31-h labeling interval. The
synthesis of the 110K, 76K, 51K, 48K, and 31K
virus-induced proteins was also differentially
resistant to PAA in infected cultures of OMK
and MAK cells (Fig. 2). Moreover, similar ex-
periments with other inhibitors of DNA synthe-
sis (e.g., cytosine arabinoside, 50 ,ug/ml) identi-
fied the same subset of virus-induced proteins
whose synthesis was relatively insensitive to
inhibition of virus DNA synthesis (data not
shown). Two minor proteins of 73K and 62K,
which are induced early after infection of OMK
cells, and a 90K polypeptide detected early after
infection of Vero cells were also synthesized in
the presence of high concentrations ofPAA (150
gxg/ml). However, the 73K and 62K polypeptides
were not detected in infections of Vero or MAK
cells, and the 90K polypeptide was not detected
in OMK or MAK cells; these polypeptides are
presently regarded as virus-induced host cell
proteins (lla).
Two additional features of protein synthesis in

cells infected with sensitive strains of the virus
should be noted. First, although PAA had no
direct effect on protein synthesis in uninfected
cultures, doses that selectively inhibited virus-
specific protein synthesis also delayed the virus-
induced inhibition of host cell-specific protein
synthesis normally observed at late times in
infected cultures (Fig. 1). Second, although PAA
clearly differentiated between relatively resis-
tant and sensitive classes of polypeptides, the
synthesis of members of the resistant class was
reduced by high concentrations of the inhibitor.
For example, it is apparent that at 300 ,ug of
PAA per ml, the synthesis of the 110K protein
was reduced in comparison with synthesis in
control samples (Fig. 1). The reduction in syn-
thesis of polypeptides of the resistant subset by
high inhibitor concentrations was not a specific
effect ofPAA; similar results were obtained with
cytosine arabinoside (data not shown).

Confirmation of the identity of the major
PAA-resistant virus-specific polypeptides and
the recognition of some additional minor species
were achieved by analyzing the proteins separat-
ed by equilibrium and nonequilibrium (9) two-
dimensional gel electrophoresis (Fig. 3). Twen-
ty-three virus-specific polypeptides were
detected in the infected control cultures, and the
synthesis of eight of these (Fig. 3, large arrows)
was relatively resistant to PAA. The increased
resolution afforded by equilibrium (not shown)
and nonequilibrium two-dimensional separa-
tions added some virus-specific species to our
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FIG. 2. Autoradiogram of 12% polyacrylamide gels
containing electrophoretically separated proteins from
lysates of MAK and OMK cells labeled with 5 FCi of
[35S]methionine per ml from 20 to 43 (MAK) and 20 to
60 h (OMK) after infection with 5 PFU of HVS per
cell. Infected cell cultures (Inf) were maintained with-
out (-) or with (+) 200 ,ug of PAA per ml. Uninfected
cell cultures (Un) were labeled in parallel with the
corresponding infected cultures without drug. Virus-
induced polypeptides whose synthesis was resistant to
PAA are indicated with their apparent molecular
weights (in thousands).

previous (Ila) catalog (e.g., 72K, 47K, two
additional species of 28K to 31K, and one addi-
tional species of 20K to 25K), and it was clear
that the 72K polypeptide, one polypeptide of
20K to 21K (close to host polypeptide M), and
one of the 24K to 25K polypeptides were mem-
bers of the PAA-resistant class. Although large
fractions of the 110K and 76K species remained
at the origin of the nonequilibrium electrofocus-
ing gel, they were clearly PAA resistant, as were
the 51K polypeptide and two proteins in the 28K
to 31K region. One of these latter proteins
comigrated with the 31K polypeptide observed
on one-dimensional gels (large arrow on cathode
side of host protein j, Fig. 3B, and next to the
32K protein, Fig. 3C). The other species comi-
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FIG. 3. Autoradiogram of two-dimensional electrophoretic separations of proteins from lysates ofMAK cells

labeled with 100 ,LCi of [35S]methionine per ml ofmedium from 8 to 26 h after infection with 20 PFU of HVS per
cell in the presence (B) or absence (C) of 200 ,ug of PAA per ml and from 8 to 26 h after mock infection without
drug (A). Separation in the first dimension was performed by nonequilibrium electrofocusing essentially as

described by O'Farrell et al. (9), with the inclusion of 0.5% sodium dodecyl sulfate in the sample preparation.
Samples were loaded at the anode end (+), and electrophoresis was performed at 400 V for 3 h. Separation in the
second dimension on the basis of molecular weight was performed in 12% polyacrylamide gels. Corresponding
host cell proteins are labeled a through m, and virus-induced proteins are indicated by arrows and their molecular
weights (in thousands). Virus-induced proteins whose synthesis was relatively sensitive or resistant to PAA are

indicated by small and large arrows, respectively. In cases where the virus-specific polypeptides detected on

one-dimensional gels have been associated with proteins separated by nonequilibrium electrofocusing, the spots
are indicated with their apparent molecular weights. In the ranges 20 to 25K and 28 to 31K we detected more

components by equilibrium (not shown) and nonequilibrium than by one-dimensional gel electrophoresis. The
relationships between some of these additional components and those previously characterized (lla) are not yet
certain, and they were left without specific labels.

grated with the 29K polypeptide characterized
on one-dimensional gels (lla) and was not sepa-
rated from a triplet of virus-induced polypep-
tides (Fig. 3B and C above host protein n on the
cathode side of host protein k) on the nonequi-
librium gels illustrated, but was resolved as a
completely PAA-resistant subcomponent on the
basic side of this group by equilibrium electrofo-
cusing (not shown).
We previously identified two major phospho-

proteins specific to HVS-infected cells with mo-
lecular weights of 59K and 51K (lla). The 51K
phosphoprotein comigrated with the 51K poly-
peptide, whose synthesis we have shown here to
be resistant to PAA. An analysis of phosphory-
lation in infected cells in the presence and ab-
sence of the drug (Fig. 4) showed that the
phosphorylation of 51K was relatively resistant,
whereas that of 59K was undetectable in the
presence of 200 ,ug ofPAA per ml. Furthermore,
the 51K phosphoprotein was shown in cell frac-
tionation experiments to partition almost exclu-
sively with the nuclear fraction of cells infected
in the presence of the drug (Fig. 5). The 110K
and a significant fraction of the 31K polypep-
tides were also present in the nuclear fraction,

HVS iNF
CONTROL

UN I 2 3
.. .....

HVS INF
PAA

UN 2 3

59k.

51 w o

FIG. 4. Autoradiogram of an 8% polyacrylamide
gel slab containing electrophoretically separated pro-
teins from lysates of OMK cells labeled with 20 t.Ci of
32Pi from 4 to 13, 13 to 22.5, and 23 to 33 h after
infection (lanes 1, 2, and 3, respectively) with 10 PFU
of HVS per cell and from 4 to 13 h after mock infection
(lane UN). Infected and mock-infected cultures were
maintained in the presence of 200 ,ug of PAA per ml
(+PAA) or in the absence of the drug (control).
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FIG. 5. Autoradiogram of a 12% polyacrylamide

gel slab containing electrophoretically separated pro-

teins from unfractionated infected cell lysates (Total)

and from nuclear (Nuc) and cytoplasmic (Cyt) frac-

tions of Vero cells labeled with 5 iiCi Of [15S]methion-
inc per ml from 6 to 26 h after infection with 5 PFU of

HVS per cell. Infected cultures were maintained with

(+) or without (-) 250 ILg of PAA per ml. At the end of

the labeling interval, cultures were removed, washed

with cold phosphate-buffered saline, and suspended in

1 mM phosphate buffer (pH 7.4) containing 0.5%

Nonidet P-40. A sample of the washed cell suspension
was withdrawn for analysis (Total), and the remainder

was disrupted by Dounce homogenization and separat-

ed into nuclear and cytoplasmic fractions by sedimen-

tation (3,000 rpm for 10 min).

whereas the 76K protein was found mainly in the

cytoplasm. Although not resolved in Fig. 5, the

48K polypeptide also partitioned with the nucle-

ar fraction of infected cells in the presence and

absence of PAA.

Thus, we have identified a subset of HVS

proteins whose synthesis is resistant to concen-

trations of PAA that dramatically inhibit the

synthesis of the majority of HVS proteins. We

have also shown that of this resistant subset, the

51K phosphoprotein and the 110K, 48K, and

31K polypeptides are located in the nucleus,

whereas the 76K protein is found mainly in the

cytoplasm of cells infected in the presence of the

drug. Moreover, previous results showed that in

infected cells the 51K and 31K proteins are

transported rapidly to the nucleus, being found

quantitatively in this fraction within 60 min of

synthesis (lla). The subset of PAA-resistant
proteins corresponds directly with the subset
classed as early proteins on the basis of their
kinetics of synthesis during a productive infec-
tion with HVS (lla; unpublished data). Taken
together, these results indicate that the 110K,
76K, 72K, 51K, 48K, 31K, 29K, 24K, and 20K
or 21K polypeptides represent an early, DNA
synthesis-independent group of proteins likely
to be involved in HVS DNA replication and the
regulation of virus gene expression.

P.O'H. was supported by a studentship for training in
research methods from the Medical Research Council.
We thank Thomas Randall and Carol Newman for technical

assistance and Anita Davies for typing the manuscript.

LITERATURE CITED

1. Barabona, H., M. D. Daniel, J. G. Bekesi, E. 0. Fraser,
N. W. King, R. D. Hunt, J. K. Ingalls, and T. C. Jones.
1977. In vitro suppression of herpesvirus saimiri replica-
tion by phosphonoacetic acid. Proc. Soc. Exp. Biol. Med.
154:431-434.

2. Holand, L. E., K. P. Anderson, C. Shipman, Jr., and
E. K. Wagner. 1980. Viral DNA synthesis is required for
the efficient expression of specific herpes simplex virus
type 1 mRNA species. Virology 101:10-24.

3. Honess, R. W., P. O'Hare, and D. Young. 1982. Compari-
son of thymidine kinase activities induced in cells produc-
tively infected with herpesvirus saimiri and herpes sim-
plex virus. J. Gen. Virol. 58:237-249.

4. Honess, R. W., and D. H. Watson. 1977. Herpes simplex
virus resistance and sensitivity to phosphonoacetic acid.
J. Virol. 21:584-600.

5. Jones, P. C., and B. Rodzman. 1979. Regulation of herpes-
virus macromolecular synthesis. VIII. The transcription
program consists of three phases during which both the
extent of transcription and accumulation of RNA in the
cytoplasm are regulated. J. Virol. 31:299-314.

6. Kawanishi, M., K. Sugawara, and Y. Ito. 1981. Epstein-
Barr virus induced polypeptides: a comparative study
with superinfected Raji, lUdR-treated and N-butyrate-
treated P3HR-1 cells. Virology 109:72-81.

7. Leinbach, S. S., J. M. Reno, L. F. Lee, A. F. Isbeil, and
J. A. Boezi. 1976. Mechanism of phosphonoacetate inhibi-
tion of herpesvirus-induced DNA polymerase. Biochemis-
try 15:426-430.

8. Mao, J. C.-H., E. E. Robishaw, and L. R. Overby. 1975.
Inhibition ofDNA polymerase from herpes simplex virus-
infected WI-38 cells by phosphonoacetic acid. J. Virol.
15:1281-1283.

9. O'Farreil, P. Z., H. M. Goodman, and P. H. O'Farrell.
1977. High resolution two-dimensional electrophoresis of
basic as well as acidic proteins. Cell 12:1133-1142.

10. Powell, K. L., D. J. M. Purifoy, and R. J. Courtney. 1975.
The synthesis of herpes simplex virus proteins in the
absence of virus DNA synthesis. Biochem. Biophys. Res.
Commun. 66:262-271.

11. Purlfoy, D. J. M., and K. L. Powell. 1977. Herpes simplex
virus DNA polymerase as the site of phosphonoacetate
sensitivity: temperature-sensitive mutants. J. Virol.
24:470-477.

11a.Randall, R. E., R. W. Honess, and P. O'Hare. 1983.
Proteins specified by herpesvirus saimiri: identification
and properties of virus specific polypeptides in produc-
tively infected cells. J. Gen. Virol. 64:19-35.

12. Stinski, M. 1978. Sequence of protein synthesis in cells
infected by human cytomegalovirus: early and late virus-
induced polypeptides. J. Virol. 26:686-701.

13. Ward, R. L., and J. G. Stevens. 1975. Effect of cytosine
arabinoside on viral-specific protein synthesis in cells
infected with herpes simplex virus. J. Virol. 15:71-80.

lQtaL Nuc Cyl

VOL. 46, 1983


