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Using as antigens fusion proteins expressed in bacteria, we have generated polyclonal antisera specific for the
herpes simplex virus (HSV) type 1 DNA polymerase. A variety of immunologic, genetic, and biochemical assays

were used to characterize these antisera and demonstrate their specificity for the HSV DNA polymerase. Using
these antisera, measurements of the synthesis and accumulation ofHSV DNA polymerase in infected Vero cells
were made. Peak rates of polymerase synthesis were observed at 4 h postinfection, as much as 2 h before peak
levels of polymerase mRNA accumulation. At all times examined, the HSV DNA polymerase polypeptide was

found to be synthesized at a lower rate per mRNA than the viral thymidine kinase, with this difference being
especially dramatic at later times. Infected-cell RNA isolated at 2 and 6 h postinfection directed the synthesis
of similar amounts of polymerase polypeptide per polymerase transcript in rabbit reticulocyte lysates,
indicating that polymerase transcripts are inherently as translatable at both times. An HSV mutant in which
sequences including a short upstream open reading frame in the HSV DNA polymerase transcript were deleted
specified polymerase mRNA whose translational efficiency was no more than marginally greater than that of the
wild-type virus. These results demonstrate that polymerase expression is regulated by inefficient translation
mediated by sequences other than the short upstream open reading frame and that this leads to an early shutoff
of polymerase synthesis during HSV infection.

Herpes simplex virus (HSV) encodes a DNA polymerase
(Pol) which is required for viral DNA replication (49). The
pol locus was initially defined by studies using temperature-
sensitive pol mutants (3, 4). Subsequent DNA sequencing
and RNA mapping studies established that a 4.2-kilobase
polyadenylated mRNA containing an open reading frame
(ORF) coding for a 137-kilodalton polypeptide is transcribed
from this region (11, 16, 39, 40, 50). As might be expected for
a transcript coding for a protein involved in viral DNA
replication, transcription and accumulation ofpol transcripts
have been shown to possess delayed-early kinetics (16, 46,
50, 51).
Measurement of transcription rates by pulse-labeling in-

tact cells and with nuclear run-on reactions has established
that pol mRNA is synthesized at a rate comparable to that of
several delayed-early viral genes, including those coding for
thymidine kinase (tk) and the major DNA-binding protein
(dbp or ICP8) (46, 51). However, Pol is not as abundant as

TK or ICP8 in infected cells, suggesting that pol expression
is subject to posttranscriptional regulation. Transcripts for
Pol are relatively abundant in the cytoplasm of infected cells;
however, unlike other delayed-early transcripts, only a small
fraction are associated with large polysomes at 6 h postin-
fection (50). This further indicates that pol expression is
regulated to some extent at the level of translation. We and
others have raised the hypothesis that this regulation could
be due to the presence of a short ORF upstream of the pol
major ORF (7, 50).
To examine the regulation of pol expression, Pol-specific

antisera were generated by using P-galactosidase-Pol fusion
proteins. Immunological, biochemical, and genetic methods
were used to demonstrate that the sera generated against the
fusion proteins are specific for Pol. Using these antisera, we
show that regulation of Pol synthesis differs from that of
another HSV delayed-early polypeptide, leading to early
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shutoff of Pol translation, and have examined the role of the
upstream ORF in translational efficiency.

MATERIALS AND METHODS
Cells and viruses. African green monkey kidney (Vero)

cells were grown and maintained as described previously
(50). HSV type 1 strain KOS served as the wild-type virus
(50). The DP6 cell line was established by stable transfor-
mation of Vero cells with sequences containing pol. The
construction of this cell line and the deletion mutant viruses
AS1 and AB10 are described in the accompanying article
(28).

Plasmid construction. Plasmids used to generate fusion
proteins were maintained in Escherichia coli X90 [ara A(lac-
pro)nalA argE (Am) thi Rif' F' (lac+ pro+lacIql)] cells (33).
A 1.3-kilobase-pair Sall fragment, coordinates 0.432 to
0.445, containing sequences representing 261 amino acids of
the carboxyl terminus of the predicted pol ORF was isolated
from pSG17 (12) and inserted in frame at a unique Sall site
near the 3' end of the lacZ gene in pUR290 (42), generating
pLacZ-pol4D (see Fig. 1). A second plasmid, pLacZ-polBP,
was constructed by excising a 2.3-kilobase-pair BglII-Pstl
fragment, coordinates 0.418 to 0.432, containing sequences
representing 785 (223 to 1008) amino acids of Pol from the
plasmid designated pDP1 (28) and inserting it in frame near

the 3' end of lacZ in pUR291 (Fig. 1) (42).
Preparation of Pol antisera. X90 cells containing the plas-

mid constructs were grown in Luria broth (26) to an optical
density at 550 nm of 0.25. Fusion protein expression was

induced by the addition of isopropyl-3-D-thiogalacto-
pyranoside (IPTG) to 0.5 mM. After 3 h, the cells were

harvested by centrifugation, washed with phosphate-
buffered saline, and lysed by being boiled in sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis sample
buffer. Samples were sonicated, clarified by centrifugation
(10,000 x g for 10 min), and fractionated on SDS-polyacryl-
amide gels (22). Proteins were visualized by soaking the gels
in 4 M sodium acetate (15), and gel fragments containing the
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fusion proteins were emulsified with an equal volume of
Freund complete adjuvant. New Zealand White rabbits were
immunized by subcutaneous injections at several sites with a
total of 250 ,ug of protein. Booster injections with 100 ,ug of
protein in Freund incomplete adjuvant were given at
monthly intervals. Immunization of rabbits with fusion pro-
teins expressed from pLacZ-pol4D and pLacZ-polBP gener-
ated the PP5 and BGG4 sera, respectively.

Analysis of HSV-infected-cell polypeptides. For immuno-
blot analysis, proteins from infected Vero cells were ex-
tracted and electrophoresed through SDS-polyacrylamide
gels. The proteins were transferred electrophoretically to
nitrocellulose filters, as described by Towbin et al. (45). The
nitrocellulose filters were blocked overnight in TBST (10
mM Tris chloride [pH 8.0], 150 mM NaCl, 0.05% Tween 20)
containing 1% bovine serum albumin, followed by incuba-
tion for 60 min at room temperature with antisera diluted
1:1,000 in TBST. After a washing, bound antibodies were
located by incubation with immunoglobulin conjugated with
alkaline phosphatase (Promega Biotec) according to the
instructions of the manufacturer.

Immunoprecipitation analysis was performed on lysates of
2 x 105 HSV-infected Vero cells pulse-labeled for 20 min
with 200 ,uCi of [35S]methionine per ml (1,072 Ci/mmol; New
England Nuclear Corp.) in Earle basal medium minus me-
thionine. Cell monolayers were scraped into cold phosphate-
buffered saline and lysed in 100 j±l of lysis buffer (10 mM Tris
chloride [pH 7.5], 50 mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 100 ,ug of aprotinin per ml, 1 mM
phenylmethylsulfonyl fluoride, 0.1% sodium azide). The cell
lysate was sonicated briefly, made 1% SDS and 150 mM
,B-mercaptoethanol, incubated for 7 min at 90°C, diluted with
9 volumes of lysis buffer containing 150 mM NaCl, and
clarified by spinning at 10,000 x g for 30 min. The lysates
were preincubated for 30 min at 4°C with normal rabbit
serum and 10% protein A-Sepharose CL-4B (Sigma Chem-
ical Co.) and then reacted with 5 RI of Pol antiserum or 1 RI
of TK-specific serum (a gift from W. P. Summers) and 100 ,ul
of 10% protein A-Sepharose CL-4BB for 8 h at 4°C. The
immunoprecipitates were washed sequentially with RIPA
buffer (lysis buffer with 150 mM NaCl and 0.1% SDS), HSB
(10 mM Tris [pH 7.5], 2 M NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% sodium azide), RIPA buffer
without SDS, and finally with 10 mM Tris chloride (pH 7.5).
The precipitates were suspended in SDS-polyacrylamide gel
electrophoresis sample buffer and run on SDS-polyacryl-
amide gels (22). Following electrophoresis, the gels were
fixed, processed for fluorography (2), and exposed to pre-
flashed XAR-5 film (Eastman Kodak Co.) (24). Autoradio-
grams were scanned by laser densitometry (LKB Instru-
ments, Inc.). The levels of protein synthesis were
normalized for differences in the predicted methionine con-
tent of the two proteins (16 methionines for TK, 22 for Pol).
DNA polymerase assay. Crude nuclear extracts were pre-

pared from mock and HSV-infected cells at 16 h after
infection as described by Elias et al. (8). To assay DNA
polymerase activity, reaction mixtures (50 RI) contained 7.5
,ug of activated salmon testes DNA, 63 ,uM each dATP,
dGTP, and TTP, 9 ,uM [ot-32P]dCTP (100 Ci/mmol), 20 mM
Tris chloride (pH 7.5), 0.1 mM EDTA, 3 mM MgCl2, 5 mM
dithiothreitol, 4% glycerol, 40 ,ug of bovine serum albumin
per ml, 150 mM (NH4)2SO4, 5 to 10 RI (1.3 mg/ml) of crude
extract, and 1.25 mg of dialyzed serum. DNA polymerase
activity was determined by measuring trichloroacetic acid-
precipitable radiolabel after 30 min at 37°C.

Isolation and expression of pol mRNA. Cytoplasmic RNA

was prepared from Vero cells by lysis with nonionic deter-
gents as previously described (50). The relative levels ofpol
and tk transcripts were determined by quantitative nuclease
protection assays (50).

Polyadenylated RNA was isolated by chromatography on
oligo(dT)-cellulose (Collaborative Research, Inc.) according
to the protocol provided by the manufacturer, with the
exception that all solutions were buffered with HEPES (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-NaOH in
place of Tris hydrochloride. For Northern (RNA) blot hy-
bridization, polyadenylated RNA was separated on agarose
gels containing 0.66 M formaldehyde, 20 mM MOPS (mor-
pholinepropane-sulfonic acid, pH 7.0), 5 mM sodium ace-
tate, and 0.5 mM EDTA and transferred to GeneScreen Plus
(Dupont, NEN Research Products). The RNA was immobi-
lized to the filter by cross-linking with UV light. The filter
was prehybridized for 2 h at 65°C in 2x SSPE (0.18 M NaCl,
10 mM NaH2PO4, 1 mM EDTA [pH 7.4])-5x Denhardt
solution-1% SDS and then hybridized for 16 h in the same
solution containing random-primed labeled KOS BamHI
fragment Q (coordinates 0.413 to 0.436). The filter was
washed twice for 15 min with 2x SSPE-1% SDS at room
temperature and twice for 30 min with 0.2x SSPE-0.1%
SDS at 650C.
Polyadenylated RNAs were translated in a commercial

rabbit reticulocyte lysate (Dupont, NEN) according to the
protocol of the manufacturer. Reactions were performed
with amounts of polyadenylated RNA determined to be
nonsaturing. Polyadenylated RNAs containing equivalent
amounts of pol transcripts were added to lysate containing
[35S]methionine and incubated for 60 min at 370C. The
reactions were stopped by adding 7 volumes of phosphate-
buffered saline and clarified by centrifugation (100,000 x g
for 30 min). Pol polypeptides were immunoprecipitated and
analyzed as described above.

RESULTS

Production of antisera. For the purposes of generating
Pol-specific antisera, two gene fusions were prepared and
expressed in E. coli. Vectors pUR290 and pUR291 are
high-copy-number plasmids containing several unique endo-
nuclease restriction sites near the carboxyl terminus of lacZ
(42). On the basis of the DNA sequence of the predicted
HSV strain KOS pol ORF (11), fragments were inserted in
frame at the carboxyl terminus of the lacZ gene. One
construct, placZ-pol4D, contains sequences corresponding
to the 261 amino acids (974 to 1235) of the carboxyl terminus
of Pol (Fig. 1). These sequences lie outside the major regions
of DNA polymerase sequence similarity (10, 23, 48). A
second plasmid, placZ-polBP, was also constructed by using
sequences corresponding to the central 785 amino acids (223
to 1008) of Pol (Fig. 1). Figure 2 shows an example of the
abundant levels of IPTG-induced fusion protein synthesis in
cells containing pLacZ-Pol4D and pLacZ-PolBP. The heter-
ogeneous migration of the fusion proteins is probably the
result of limited proteolysis. Gel-purified proteins were used
to immunize rabbits.

Neutralization of Pol activity in infected-cell nuclear ex-
tracts. The antisera generated against either fusion protein
were examined by using an in vitro functional assay (8). Pol
activity in partially purified infected-cell extracts was shown
to be dependent on the presence of an activated DNA
template, to have an enhanced activity in the presence of 150
mM (NH4)2SO4, and to be inhibited by phosphonoacetate
(results not shown) (27, 38). The effects of PP5 and BGG4
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FIG. 1. Construction of IacZ-pol plasmids and recombinant viruses. The locations of the pol transcript and ORF are presented, along with
a few relevant restriction endonuclease sites. Sequences used for the fusion constructs placZ-polBP and placZ-pol4D and the viral mutants
AS1 and AB10 are shown. aa, Amino acids; kDa, kilodaltons; SORF, short ORF; LORF, long ORF; bp, base pairs.

sera on this activity in infected-cell extracts are presented in
Fig. 3. The total amount of serum protein was brought to
1.25 mg by the addition of normal rabbit serum where
needed. Both PP5 and BGG4 inhibited Pol activity. It is
interesting that the PP5 serum which was raised against the
261 amino acids of the carboxyl terminus, which are outside
the major regions of DNA polymerase sequence similarity
(23), inhibited Pol activity to a similar extent as did BGG4.
This suggests that this region may be important for the
function of the enzyme.

Genetic evidence demonstrating the specificity of the Pol
antisera. On the basis of DNA sequencing (11, 39) and
molecular mass estimates of partially purified preparations
(6, 38), the Pol polypeptide has a predicted molecular mass
of approximately 137 kilodaltons. To determine whether PP5
and BGG4 were specific for a protein of this size, Vero cells
infected with wild-type virus were incubated with [35S]me-
thionine from 2 to 6 h postinfection and lysed, and the
radiolabeled proteins were analyzed by immunoprecipita-
tion. A mixture of PP5 and BGG4 immunoprecipitated a
single predominant ca. 137-kilodalton polypeptide from ly-
sates of cells infected with wild-type strain KOS (Fig. 4, left,
lane KOS). Similar results were obtained with either antise-
rum singly in immunoprecipitation or Western (immuno-)
blot analyses, and neither reacted detectably with proteins
from uninfected lysates (results not shown).
The HSV recombinant AS1 contains a 3.0-kilobase-pair

in-frame deletion in the pol gene (Fig. 1) (28). Vero cells
infected with this mutant would be expected to express a
57-kilodalton Pol polypeptide. When the mixture of PP5 and
BGG4 was used, immunoprecipitation of a 137-kilodalton

polypeptide from lysates of cells infected with AS1 was not
observed. Instead, a 57-kilodalton polypeptide was precip-
itated (Fig. 4, left, lane AS1), in excellent agreement with the
size predicted for Pol in cells infected with AS1. As a control
for infection, a portion of each lysate was precipitated with
antiserum specific for the viral TK (Fig. 4, right, lanes AS1
and KOS). On the basis of these results, we can conclude
that PP5 and BGG4 react specifically with Pol and not with
another polypeptide of similar size.

Expression of the Pol polypeptide. Having demonstrated
their specificity, we began to use these antisera to examine
Pol expression. To examine the kinetics of Pol synthesis,
immunoprecipitation analysis was performed on lysates
from cells pulse-labeled at different times postinfection. The
results of this analysis are shown in Fig. 5A. Synthesis of Pol
was detectable at 2 h postinfection, peaked at around 4 h,
and then declined to quite low levels by 9 h. Immunoblot
analysis of lysates at similar times postinfection also showed
detectable levels of this polypeptide at 2 h postinfection (Fig.
SB). The accumulation of Pol reached peak levels at 6 h, and
this level was maintained at least to 12 h after infection. The
persistence of accumulated levels of Pol at late times despite
a greatly reduced rate of synthesis indicates that Pol is a
stable protein. This finding is consistent with the interpreta-
tion of pulse-chase analyses that have been recently reported
(43).
Comparison of the relative rates of Pol and TK synthesis.

We have previously demonstrated that during the peak time
of pol mRNA accumulation (6 h postinfection), relatively
few pol transcripts are found associated with large polyribo-
somes (50). One likely interpretation for this observation is
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FIG. 2. Fusion protein production. Coomassie blue-stained gel
showing inducible expression of fusion constructs in E. coli. X90 is
the lacP' strain of E. coli used as the host for all constructs. 290 is
an X90 cell line carrying the parent plasmid pUR290. Dots have
been placed alongside the heterogeneously migrating fusion proteins
produced in cells carrying placZ-pol4D and placZ-polBP after
induction with IPTG. Molecular masses (in kilodaltons) are indi-
cated at the left.

that translation of pol transcripts is inefficient. To test this,
the anti-Pol sera were used to make a quantitative compar-
ison of Pol synthesis with another delayed-early viral poly-
peptide, TK. At 6 h following infection, the accumulated
levels of tk and pol transcripts are similar (50). Accordingly,
any differences in synthesis of TK and Pol should be a

reflection of the relative translational efficiencies of their
transcripts. Vero cells infected for 6 h were pulse-labeled for
20 min with [35S]methionine, and the level of radiolabel
incorporated into Pol and TK was determined by immuno-
precipitation. To ensure that this assay was quantitative,
lysates were subjected to three rounds of incubation with
antisera. No TK or Pol polypeptides were detected in the
third precipitation. The immunoprecipitated material was
pooled and analyzed by SDS-polyacrylamide gel electropho-
resis. TK antiserum precipitated a predominant polypeptide
of approximately 43 kilodaltons (Fig. 6, lane 1). PP5 immu-
noprecipitated the predicted 137-kilodalton Pol (Fig. 6, lane
2). The material immunoprecipitated by a mixture of PP5 and
anti-TK (Fig. 6, lane 3) was quantitated by laser densitom-
etry scanning, and the results were normalized for differ-
ences in the methionine content, yielding a molar ratio ofTK
to Pol synthesis of 7:1 (Table 1). When relative mRNA levels
are also taken into account, the molar ratio of TK and Pol
synthesis per transcript is 6:1 (Table 1). Comparison of Pol
and ICP8 synthesis yielded similar results (not shown).

These results are consistent with inefficient translation ofpol
transcripts.

Effect of deleting sequences containing the short ORF on Pol
synthesis. The Pol AUG initiation codon is 209 nucleotides
downstream from the 5' (+1 nucleotide) cap structure (11,
50). Beginning 127 nucleotides upstream from the pol initia-
tion codon is a short ORF (nucleotides +82 to +115) that
could code for a decapeptide (11, 39). There is a large body
of evidence indicating that the presence of short upstream
reading frames can influence translation of both cellular and
viral mRNAs (9, 17, 18, 20, 29). To determine whether
sequences containing this upstream ORF might affect pol
expression, we analyzed pol mRNA and protein synthesis in
a virus, AB10, lacking nucleotides +57 to +200 (Fig. 1), a
deletion which completely removes the upstream ORF from
the pol transcript.

Relative to tk mRNA levels, the levels ofpol transcripts in
cells 6 h postinfection were nearly identical in cells infected
with KOS or AB10 (Table 1). To measure Pol synthesis,
immunoprecipitation analysis was performed on pulse-la-
beled lysates also at 6 h postinfection (Fig. 6, lanes 4 to 6). In
cells infected with AB10, the ratio ofTK to Pol synthesis per
transcript was 4:1, indicating that Pol expression was at most
only marginally greater in cells infected with the mutant (Fig.
6, lanes 4 to 6; Table 1).
Temporal regulation of Pol translation. The peak rate of

Pol synthesis occurred at 4 h postinfection (Fig. 5). This
result is in contrast to our previous observation that accu-
mulation of pol transcripts did not reach peak levels until as
much as 2 h later (50). This suggested that the translation of
pol transcripts is subject to temporal control. To determine
whether this was indeed the case, a comparison was made of
pol and tk transcript levels and their translation products at
different times after infection.
At different times after infection, cells were briefly pulse-

labeled with [35S]methionine; samples of these labeled cells
were lysed, and levels of TK and Pol synthesis were deter-
mined by immunoprecipitation. The remaining cells were
used to quantitate tk and pol transcript levels via nuclease
protection assays. The results obtained from these analyses
are presented in Fig. 7. As expected, the peak levels of pol
transcript accumulation did not correspond to the peak
levels of Pol synthesis (Fig. 7, top). In contrast, there was a
much closer correspondence of tk transcript accumulation
and its translation (Fig. 7, bottom), indicating that the
observed decline in the efficiency of translation of pol
transcripts is not a general phenomenon of delayed-early
mRNAs. Comparison of the molar ratio of TK to Pol
synthesis on a per-transcript basis reveals that in this exper-
iment the relative efficiency of Pol translation changed from
approximately 3:1 from 2 to 4 h postinfection to equal to or
greater than 7:1 after 4 h postinfection, with a value greater
than 18:1 at 6 h postinfection.

This decline does not appear to be the result of changes in
the pol transcript. On the basis of Si nuclease analysis, there
were no observable differences in the major 5'-end-labeled
products protected by pol transcripts at early and late times
(50). In addition, polyadenylated RNAs containing equiva-
lent amounts of pol transcripts (based on Northern blot
hybridization) isolated from cells at early and late times
during infection (Fig. 8, left) were translated equally well
into immunoprecipitable Pol by rabbit reticulocyte lysates
(Fig. 8, right).
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FIG. 3. Neutralization of HSV Pol activity. Partially purified infected-cell nuclear extracts (8) were incubated with activated DNA,
deoxynucleoside triphosphates, and increasing amounts of anti-Pol sera. Preimmune serum was added to maintain a constant level of serum
protein in each reaction mixture. After 30 min at 370C, acid-precipitable counts were determined, and the results from a typical experiment
performed in duplicate are presented as percentages ofDNA polymerase activity remaining, with activity in reaction mixtures containing only
preimmune serum being 100%. The percentage activity remaining after incubation with PP5 (0) and after incubation with BGG4 (0) is shown.

DISCUSSION

We report in this article experiments, using specific anti-
sera to identify the HSV DNA polymerase polypeptide, to
determine that Pol expression is inefficient at the level of
translation and to characterize Pol expression during HSV
infection.

Specificity of Pol antisera and identification of the Pol
polypeptide. For our studies, we raised antisera against two
,-galactosidase-Pol fusion proteins. To ensure specificity,
care was taken to exclude substantial amounts of any other
HSV ORF from our plasmid constructions and to purify the
polypeptides before immunization. The antisera generated
recognized only a single predominant species of about 137
kilodaltons in Western blots of infected cells (e.g., Fig. 5B),
which was not detected in mock-infected cells. Similarly,
under appropriate conditions, the most predominant species
by far that was immunoprecipitated by either antiserum was
about 137 kilodaltons (e.g., Fig. 4, 5A, 6, and 8).
During the preparation of this manuscript, several labora-

tories reported the generation of antisera designed to react
with Pol (7, 13, 31, 43, 47). These antisera were generated by
immunization with Pol partially purified from HSV-infected
cells (13, 43), immunization with peptides derived from the
predicted sequence of the pol gene (43), and immunization
with polypeptides expressed in E. coli (7, 31, 47). All of these
antisera react with a predominant polypeptide of approxi-
mately 137 kilodaltons; however, several also react with one
or more other prominent polypeptides (7, 43). Pol migrates in
a region of SDS-polyacrylamide gels containing several
other cellular and viral polypeptides; therefore, we have in
addition used a genetic approach to validate the specificity of
our antisera. The demonstration that the immunoreactive
species expressed by the pol deletion mutant AS1 exhibited
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FIG. 4. Immunoprecipitation of a full-length and a truncated Pol
polypeptide. (Left) Vero cells infected with the pol deletion mutant
AS1 or wild-type virus (KOS) were pulse-labeled at 2 to 6 h
postinfection with [355]methionine. Cells were lysed, precleared
with preimmune serum, and then incubated with a mixture of PP5,
BGG4, and protein A-Sepharose. Washed immune precipitates were
than analyzed by SDS-polyacrylamide gel electrophoresis. (Right)
Immunoprecipitation with anti-TK (aTK) serum served as a control
for infection with both viruses (AS1 and KOS, wild type). In both
lysates, anti-TK serum precipitated a major 43-kilodalton (kDa) and
a minor 36-kilodalton species.
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FIG. 5. Time course of HSV Pol synthesis and accumulation. (A) Autoradiograph of immunoprecipitated [35S]methionine-labeled protein.
Vero cells were labeled for 20 min at different times following HSV infection. Precleared cell lysates were incubated with PP5 and protein
A-Sepharose. Immunoprecipitates were then washed and analyzed by SDS-polycarylamide gel electrophoresis. (B) Immunoblot of Pol
polypeptide present at various times postinfection. Extracts of cells mock infected or infected with HSV for different times were
electrophoresed on SDS-7.5% polyacrylamide gels and electroblotted to nitrocellulose. The blot was probed with PP5 and goat anti-rabbit
immunoglobulin G conjugated with alkaline phosphatase and developed according to the protocol of the manufacturer.

the expected molecular mass (Fig. 4) established the speci-
ficity of these antisera and conclusively identified the Pol
polypeptide. This demonstration of the specificity of these
antisera by various criteria is important not only for the
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FIG. 6. Comparison of Pol and TK synthesis in cells infected
with wild-type HSV and AB10. Vero cells were pulse-labeled for 20
min with [35S]methionine beginning 6 h after infection with wild-type
HSV or AB10. Cell lysates were then subjected to three rounds of
immunoprecipitation with TK or PP5, or both. Immunoprecipitates
were pooled and analyzed by SDS-polyacrylamide gel electropho-
resis and quantitated by densitometry of exposed films. Immuno-
precipitated proteins from lysates infected with wild-type HSV: lane
1, anti-TK; lane 2, PP5; lane 3, both anti-TK and PP5. Immunopre-
cipitated proteins from lysates infected with AB10: lane 4, anti-TK
and PP5; lane 5, PP5; lane 6, anti-TK.

experiments described here, but also for further studies,
such as immunocytochemical analyses of the distribution of
Pol in infected cells (D. Knipe, D. Yager, M. Gao, A. Marcy,
and D. Coen, unpublished data).

Pol expression is inefficient at the level of translation.
Comparison of the rates of Pol and TK synthesis demon-
strates that the synthesis of Pol is substantially lower at 6 h
postinfection than that ofTK (Fig. 6), even when differences
in transcript levels are taken into account (Table 1). This
result, together with our earlier finding that only a minority
of pol transcripts are present on large polyribosomes (50),
leads us to conclude that the initiation of translation on pol
mRNA is inefficient.
We have previously reviewed features of the pol transcript

that might influence the efficiency of its translation (50).

TABLE 1. Comparison of Pol synthesis in wild-type- and
AB10-infected cells

Protein synthesisb
Virus Protein mRNA levela(tk:pol) Units Normalized TKPlvalue

KOS TK 1.2:1 1.1 1.5 6:1
Pol 121 0.2 0.26:

AB10 TK 1.2:1 0.7 1.0 4:1
Pol 0.2 0.2

a Transcript levels were determined by quantitative nuclease protection
assays, using probes of equivalent specific activity. Nuclease-resistant prod-
ucts were separated by gel electrophoresis and quantitated by scintillation
counting.

b To determine levels of protein synthesis, pulse-labeled lysates were
coimmunoprecipitated and washed and the precipitated material was sepa-
rated by gel electrophoresis. Exposed films were scanned by using a laser
densitometer. Integrated peaks are expressed as arbitrary units and normal-
ized for differences in the number of methionine residues in the two proteins.

c Molar ratio of TK and Pol synthesis on a per-transcript basis.

Pol -
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measuring protein synthesis or RNA accumulation. Rates of Pol and TK synthesis were determined by immunoprecipitation analysis as for
Fig. 8. The results were corrected for differences in methionine content and presented as arbitrary units (A.U.). Transcript levels were
determined by measuring the amount of radiolabeled product protected by tk and pol transcripts from S1 nuclease digestion.
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FIG. 8. Analysis of in vitro translation products. Polyadenylated
RNA was isolated from cells infected for 2 or 6 h. (Left) Northern
blot analysis of poly(A)+) RNA. Samples containing equivalent
amounts ofpol transcripts were fractionated by gel electrophoresis,
transferred, and hybridized with a pol-specific probe. Lane 1,
Poly(A+) RNA isolated at 2 h postinfection; lane 2, poly(A+) RNA
isolated at 6 h postinfection. (Right) Immunoprecipitation of Pol
synthesized in rabbit reticulocyte lysates. Lane 1, Protein synthe-
sized in lysates programmed with no RNA; lanes 2 and 3, protein
synthesized from RNA isolated at 2 and at 6 h postinfection,
respectively.

These features include the context of the initiation codon of
the major pol ORF, which differs from the optimal consensus
sequence (19), a short ORF upstream of the major pol ORF,
and the potential for secondary structure. In the work
presented here, the removal of sequences from positions
+57 to + 199, which include the upstream ORF, had only a
slight effect on Pol translation (Fig. 6, Table 1). This finding
contrasts with studies of translation of uncapped synthetic
pol transcripts in rabbit reticulocyte lysates in which tran-
scripts with 5' termini at position +129 (downstream of the
short ORF) were reported to be translated more efficiently
than transcripts with 5' termini at position +57 (7). This
observed difference could be due to many factors, including
differences in mRNA caps (i.e., uncapped transcripts were
used in the in vitro studies), 5' ends, and translational
mechanisms in cell extracts relative to the in vivo conditions
used in our studies.
A 144-nucleotide hairpin structure encompassing the Pol

initiation codon has been previously predicted (14). This
structure would have a Gibbs free energy of -71 kcallmol
(ca. -300 kJ/mol). Such a hairpin would be more stable than
those shown to impair strongly the translation of preproin-
sulin, tk, and human immunodeficiency virus type 1 tran-
scripts (21, 34, 35, 41). The deletion in mutant AB10 removes
32 nucleotides of this predicted hairpin, with little discern-
ible effect on Pol expression. We cannot exclude the possi-
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bility that the sequences remaining after the deletion still
form a hairpin stable enough to impair Pol translation.
Alternatively, modeling using the program PCFOLD (52)
predicts that pol transcripts made in wild-type or AB10
infections could form structures involving the first 55 nucle-
otides and sequences immediately downstream from the Pol
AUG initiation codon. This structure would have a Gibbs
free energy of -112 kcal/mol (ca. 469 kJ/mol) (results not

shown). Such a structure might prevent access of initiation
factors to the 5' cap (30, 35, 36). Preliminary experiments
reveal an increased expression of Pol from transcripts with-
out the first 55 nucleotides in rabbit reticulocyte lysates and
in transient expression assays of transfected cells (results
not shown). Further mutational analysis of these regions will
be required to identify elements important for the inefficient
translation of Pol.
Temporal regulation of Pol. A question that remains to be

addressed is why does this virus regulate pol expression at
the level of translation? We previously suggested two pos-

sible reasons (50). The first of these was that most delayed-
early genes might be transcribed at similar rates, with the
result that posttranscriptional mechanisms would be re-

quired to control stoichiometries of viral replication pro-

teins. However, a report that delayed-early viral genes have
widely divergent transcription rates (51) makes this hypoth-
esis less tenable. A second possibility is that translational
control might afford HSV finer temporal control of Pol
expression.
The findings reported here support the second hypothesis.

The rate of Pol synthesis peaked by 4 h postinfection (Fig.
SA and 7) while accumulation of pol transcripts continued to
increase for another 2 h (Fig. 7) (46, 50). At present, on the
basis of the results from in vitro translation, there is no

indication that pol transcripts are altered during the course

of infection. The apparent decline in the translation effi-
ciency of pol mRNA during infection may be due to its
relative inability to compete for limiting initiation factors
(25). These factors could become limiting because of increas-
ing levels of late transcripts accumulating in the infected-cell
cytoplasm or because shutoff of host cell expression induced
by HSV infection prevents replenishment of one or more of
these factors. Regardless of whether this or other mecha-
nisms are responsible for the decline of Pol expression, it is
clear that Pol synthesis shuts off more quickly than at least
one other delayed-early gene. This may be advantageous to
the virus by preventing counterproductive interactions of
Pol with other replication proteins.
One remaining hypothesis involves the possibility of a

functional relationship between pol transcription and the
initiation of DNA synthesis from the adjacent origin of
replication, oriL. Transcription factors and/or transcription
per se is required for origin activity in several viral and
cellular systems (reviewed in references 1, 5, and 32). A high
level ofpol transcription might be necessary for, or the result
of, the activation of DNA replication from oriL. As a

consequence, posttranscriptional regulation (e.g., at the
level of translation) would be required in order to prevent

overexpression of Pol. Such a mechanism has been sug-

gested for the control of baculovirus DNA polymerase
expression (44). The finding that mutants lacking a functional

oriL are viable (37) should facilitate testing of this hypothe-
SiS.

ACKNOWLEDGMENTS

The gifts of plasmids from T. Roberts for making the fusion

constructs and of the TK serum from W. P. Summers are gratefully

acknowledged. We also thank K. Kerns for help with immunizations
of the rabbits, E. Zylstra for figure preparation, and P. Digard and
D. M. Knipe for helpful comments on the manuscript.

This work was supported by Public Health Service grants Al
19838 and BRSGS07 RR05381 from the National Institutes of
Health. D.R.Y. was supported by Public Health Service postdoc-
toral fellowship 1 F32 GM11207, and A.I.M. was supported by a
postdoctoral fellowship from the American Cancer Society.

LITERATURE CITED
1. Baker, T. A., and A. Kornberg. 1988. Transcriptional activation

of initiation of replication from the E. coli chromosomal origin:
an RNA-DNA hybrid near oriC. Cell 55:113-123.

2. Bonner, W. M., and R. A. Laskey. 1974. A film detection
method for tritium-labeled proteins and nucleic acids in poly-
acrylamide gels. Eur. J. Biochem. 46:83-88.

3. Chartrand, P., C. S. Crumpacker, P. A. Schaffer, and N. M.
Wilkie. 1980. Physical and genetic analysis of the herpes sim-
plex DNA polymerase locus. Virology 103:311-326.

4. Coen, D. M., D. P. Aschman, P. T. Gelep, M. J. Retondo, S. K.
Weller, and P. A. Schaffer. 1984. Fine mapping and molecular
cloning of mutations in the herpes simplex virus DNA polymer-
ase locus. J. Virol. 49:236-247.

5. DePamphilis, M. L. 1988. Transcriptional elements as compo-
nents of eukaryotic origins of replication. Cell 52:635-638.

6. Derse, D., K. F. Bastow, and Y.-C. Cheng. 1982. Characteriza-
tion of the DNA polymerases induced by a group of herpes
simplex virus type 1 variants selected for growth in the presence
of phosphonoformic acid. J. Biol. Chem. 257:10251-10260.

7. Dorsky, D. I., and C. S. Crumpacker. 1988. Expression of
herpes simplex virus type 1 DNA polymerase gene by in vitro
translation and effects of gene deletions on activity. J. Virol.
62:3224-3232.

8. Elias, P., M. E. O'Donnell, E. S. Mocarski, and I. R. Lehman.
1986. A DNA binding protein specific for an origin of replication
of herpes simplex virus type 1. Proc. Natl. Acad. Sci. USA
83:6322-6326.

9. Geballe, A. P., and E. S. Mocarski. 1988. Translational control
of cytomegalovirus gene expression is mediated by upstream
AUG codons. J. Virol. 62:3334-3340.

10. Gibbs, J. S., H. C. Chiou, K. F. Bastow, Y.-C. Cheng, and D. M.
Coen. 1988. Identification of amino acids in herpes simplex virus
DNA polymerase involved in substrate and drug recognition.
Proc. Natl. Acad. Sci. USA 85:6672-6676.

11. Gibbs, J. S., H. C. Chiou, J. D. Hall, D. W. Mount, M. J.
Retondo, S. K. Weller, and D. M. Coen. 1985. Sequence and
mapping analysis of the herpes simplex virus DNA polymerase
gene predict a C-terminal substrate binding domain. Proc. Natl.
Acad. Sci. USA 82:7969-7973.

12. Goldin, A. L., R. M. Sandri-Goldin, M. Levine, and J. C.
Glorioso. 1981. Cloning of herpes simplex virus type 1 se-
quences representing the whole genome. J. Virol. 38:50-58.

13. Haffey, M. L., J. T. Stevens, B. J. Terry, D. I. Dorsky, C. S.
Crumpacker, S. M. Wietstock, W. T. Ruyechan, and A. K. Field.
1988. Expression of herpes simplex virus type 1 DNA polymer-
ase in Saccharomyces cerevisiae and detection of virus-specific
enzyme activity in cell-free lysates. J. Virol. 62:4493-4498.

14. Hall, J. D., J. S. Gibbs, D. M. Coen, and D. W. Mount. 1986.
Structural organization and unusual codon usage in the DNA
polymerase gene from herpes simplex virus type 1. DNA
5:281-288.

15. Higgins, R. C., and M. E. Dahmus. 1979. Rapid visualization of
protein bands in preparative SDS-polyacrylamide gels. Anal.
Biochem. 93:257-260.

16. Holland, L. E., R. M. Sandri-Goldin, A. L. Goldin, J. C.
Glorioso, and M. Levine. 1984. Transcriptional and genetic
analyses of the herpes simplex virus type 1 genome: coordinates
0.29 to 0.45. J. Virol. 49:947-959.

17. Khalili, K., J. Brady, and G. Khoury. 1987. Translational
regulation of SV40 early mRNA defines a new viral protein. Cell
48:639-645.

18. Kozak, M. 1984. Selection of initiation sites by eucaryotic
ribosomes: effect of inserting AUG triplets upstream from the

J. VIROL.



TRANSLATIONAL REGULATION OF HSV Pol EXPRESSION

coding sequence for preproinsulin. Nucleic Acids Res. 12:
3873-3893.

19. Kozak, M. 1986. Point mutations define a sequence flanking the
AUG initiator codon that modulates translation by eukaryotic
ribosomes. Cell 44:283-292.

20. Kozak, M. 1986. Regulation of protein synthesis in virus-
infected animal cells. Adv. Virus Res. 31:229-292.

21. Kozak, M. 1986. Influences of mRNA secondary structure on
initiation by eukaryotic ribosomes. Proc. Natl. Acad. Sci. USA
83:2850-2854.

22. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

23. Larder, B. A., S. D. Kemp. and G. Darby. 1987. Related
functional domains in virus DNA polymerases. EMBO J. 6:
169-175.

24. Laskey, R. A., and A. D. Mills. 1977. Enhanced autoradio-
graphic detection of 32P and 125I using intensifying screens and
hypersensitized film. FEBS Lett. 82:314-316.

25. Lodish, H. F. 1974. Model for the regulation of mRNA transla-
tion applied to haemoglobin synthesis. Nature (London) 251:
385-388.

26. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

27. Mao, J. C.-H., and E. E. Robishaw. 1975. Mode of inhibition of
herpes simplex virus DNA polymerase by phosphonoacetate.
Biochemistry 14:5475-5479.

28. Marcy, A. I., D. R. Yager, and D. M. Coen. 1990. Isolation and
characterization of herpes simplex virus mutants containing
engineered mutations at the DNA polymerase locus. J. Virol.
64:2208-2216.

29. Marth, J. D., R. W. Overell, K. E. Meier, E. J. Krebs, and R. M.
Perlmutter. 1988. Translational activation of the Ick proto-
oncogene. Nature (London) 332:171-173.

30. Muesing, M. A., D. H. Smith, and D. J. Capon. 1987. Regulation
of mRNA accumulation by a human immunodeficiency virus
trans-activator protein. Cell 48:691-701.

31. Olivo, P. D., N. J. Nelson, and M. D. Challberg. 1989. Herpes
simplex virus type 1 gene products required for DNA replica-
tion: identification and overexpression. J. Virol. 63:196-204.

32. Orr-Weaver, T. L., and A. C. Spradling. 1986. Drosophila
chorion gene amplification requires an upstream region regulat-
ing s18 transcription. Mol. Cell. Biol. 6:4624-4633.

33. PaIlas, D. C., C. Schley, M. Mahoney, E. Harlow, B. S. Schaff-
hausen, and T. M. Roberts. 1986. Polyomavirus small t antigen:
overproduction in bacteria, purification, and utilization for
monoclonal and polyclonal antibody production. J. Virol. 60:
1075-1084.

34. Parkin, N. T., E. A. Cohen, A. Darveau, C. Rosen, W. Haseltine,
and N. Sonenberg. 1988. Mutational analysis of the 5' non-
coding region of human immunodeficiency virus type 1: effects
of secondary structure on translation. EMBO J. 7:2831-2837.

35. Pelletier, J., and N. Sonenberg. 1985. Insertion mutagenesis to
increase secondary structure within the 5' noncoding region of a
eucaryotic mRNA reduces translational efficiency. Cell 40:
515-526.

36. Pelletier, J., and N. Sonenberg. 1985. Photochemical cross-
linking of cap binding proteins to eucaryotic mRNAs: effect of

mRNA 5' secondary structure. Mol. Cell. Biol. 5:3222-3230.
37. Polvino-Bodnar, M., P. K. Orberg, and P. A. Sclhaffer. 1987.

Herpes simplex virus type 1 oriL is not required for virus
replication or for the establishment and reactivation of latent
infection in mice. J. Virol. 61:3528-3535.

38. Powell, K. L., and D. J. M. Purifoy. 1977. Nonstructural
proteins of herpes simplex virus. I. Purification of the induced
DNA polymerase. J. Virol. 24:618-625.

39. Quinn, J. P., and D. J. McGeoch. 1985. DNA sequence of the
region in the genome of herpes simplex virus type 1 containing
the genes for DNA polymerase and the major DNA binding
protein. Nucleic Acids Res. 13:8143-8163.

40. Rafield, L. F., and D. M. Knipe. 1984. Characterization of the
major mRNAs transcribed from the genes for glycoprotein B
and DNA-binding protein ICP8 of herpes simplex virus type 1.
J. Virol. 49:960-969.

41. Rosen, C., J. Sodroski, and W. Haseltine. 1985. Location of
cis-acting regulatory sequences in the human T-lymphotropic
virus type III (HTLV-III/LAV) long terminal repeat. Cell 41:
813-823.

42. Ruther, U., and B. Muller-Hill. 1983. Easy identification of
cDNA clones. EMBO J. 2:1791-1794.

43. Thomas, M. S., L. M. Banks, D. J. M. Purifoy, and K. L. Powell.
1988. Production of antibodies of predetermined specificity
against herpes simplex virus DNA polymerase and their use in
characterization of the enzyme. J. Virol. 62:1550-1557.

44. Tomalski, M. D., J. Wu, and L. K. Miller. 1988. The location,
sequence, transcription, and regulation of a baculovirus DNA
polymerase gene. Virology 167:591-600.

45. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic
transfer of protein from polyacrylamide gels to nitrocellulose
sheets: procedure and some applications. Proc. Natl. Acad. Sci.
USA 76:4350-4354.

46. Weinheimer, S. P., and S. L. McKnight. 1987. Transcriptional
and posttranscriptional controls establish the cascade of herpes
simplex virus protein synthesis. J. Mol. Biol. 195:819-833.

47. Weisshart, K., and C. W. Knopf. 1988. The herpes simplex virus
type 1 DNA polymerase: polypeptide structure and antigenic
domains. Eur. J. Biochem. 174:707-716.

48. Wong, S. W., A. F. Wahl, P.-M. Yuan, N. Arai, B. E. Pearson,
K.-I. Arai, D. Korn, M. W. Hunkapiller, and T. S.-F. Wang.
1988. Human DNA polymerase alpha gene expression is cell
proliferation dependent and its primary structure is similar to
both prokaryotic and eukaryotic replicative polymerases.
EMBO J. 7:37-47.

49. Wu, C. A, N. J. Nelson, D. J. McGeoch, and M. D. Challberg.
1988. Identification of herpes simplex virus type 1 genes re-
quired for origin-dependent DNA synthesis. J. Virol. 62:435-
443.

50. Yager, D. R., and D. M. Coen. 1988. Analysis of the transcript
of the herpes simplex virus DNA polymerase gene provides
evidence that polymerase expression is inefficient at the level of
translation. J. Virol. 62:2007-2015.

51. Zhang, Y.-F., and E. K. Wagner. 1987. The kinetics of expres-
sion of individual herpes simplex virus type 1 transcripts. Virus
Genes 1:49-60.

52. Zuker, M., and P. Stiegler. 1981. Optimal computer folding of
large RNA sequences using thermodynamics and auxiliary
information. Nucleic Acids Res. 9:133-148.

VOL. 64, 1990 2225


