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We have mapped the termini and determined the relative abundance and ribosome density of the major
cytoplasmic transcript of the DNA polymerase (pol) gene of herpes simplex virus type 1. Nuclease protection
and primer extension analyses located the 5’ end of the major pol transcript at two closely spaced sites 51 and
57 nucleotides to the left of a BamHI site at map position 0.413. S1-sensitive sites corresponding to additional
minor transcripts were found to map further upstream within a palindromic sequence that contains a viral
replication origin. The major 3’ end was found to map 90 nucleotides upstream of a Kpnl site at map position
0.439. Quantitative S1 nuclease assays revealed that pol transcripts were nearly as abundant as transcripts
encoded by the viral thymidine kinase gene. However, relatively few pol transcripts were found on large
polysomes at 5.5 h after infection, when pol transcripts were most abundant. This was in marked contrast to
the polyribosome distribution of transcripts from the thymidine kinase gene and the major DNA-binding
protein gene. These results and sequence features of the pol transcript suggest that pol expression is regulated,

in part, at the level of translation.

The herpes simplex virus (HSV) genome is a 150-kilobase-
pair (kbp) linear duplex DNA molecule that replicates in the
nucleus of mammalian cells. Because HSV encodes a num-
ber of proteins that participate in viral DNA replication, it
provides an excellent system for studying regulation of the
expression of replication proteins. The central enzyme in-
volved in HSV DNA replication is the virally encoded DNA
polymerase (Pol). The pol gene has been mapped by marker
rescue methods to a region minimally spanning 0.420 to
0.427 on the physical map (7, 8, 10). Northern (RNA) blot
hybridization experiments demonstrated that one or more
RNA species are transcribed left to right from this region
(19). Nucleotide sequencing of this region revealed the
presence of a 3,705-bp open reading frame, also oriented
from left to right (Fig. 1), capable of encoding a polypeptide
of approximately 136,000 daltons (14, 45). This is in rough
agreement with previous size estimates of Pol (27, 43).
However, no studies to date have demonstrated that this
open reading frame is contained entirely within mRNA from
the pol gene.

Like other HSV genes involved in nucleotide metabolism
and DNA replication, such as those encoding thymidine
kinase (tk) and the major DN A-binding protein, ICP8 (dbp),
pol is expressed as an early or beta gene (19). The onset and
overall rates of transcription of the tk, dbp, and pol genes are
similar (11, 55). However, unlike the TK and DBP polypep-
tides, accumulation of radiolabeled Pol protein is not readily
observed on protein gels (16, 17; Yager and Coen, unpub-
lished results). This suggested that pol expression might be
subject to regulation at a posttranscriptional level. This may
have biological relevance, as other replicative polymerases
are also relatively low-abundance polypeptides (2, 28, 33, 50).

As a prerequisite to addressing this question, we first
mapped precisely the 5’ and 3’ ends of the pol transcript.
Quantitative nuclease protection assays were then used to
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determine the abundance of pol transcripts relative to other
viral early transcripts and to determine the distribution of pol
transcripts on polyribosomes. Our results, in combination
with sequence features of the pol transcript, suggest that pol
expression at peak times of pol transcript accumulation is
inefficient at the level of translation.

MATERIALS AND METHODS

Cells and virus. African green monkey kidney (Vero) cells,
grown in Dulbecco modified minimum essential medium
supplemented with 4% fetal calf serum (56), and HSV type 1
strain KOS (48) were used.

Plasmid and viral DNA. Plasmid pSG17, containing the
strain KOS EcoRI M fragment (coordinates 0.422 to 0.448),
was a gift from R. Sandri-Goldin and M. Levine (15). Plasmid
pKEF-P4, coordinates 0.357 to 0.422 (57), constructed by N.
DeLuca, was generously provided by S. K. Weller. Plasmid
and viral DNA were isolated as described (10). -

Isolation of RNA. Cytoplasmic RNA was prepared from
Vero cells at 5 h (except where noted) after mock infection
or infection with a multiplicity of 10 PFU/cell. Cells were
first washed and pelleted in ice-cold buffer (10 mM Tris
hydrochloride [pH 7.9], 150 mM NaCl, 1.5 mM MgCl,, 10
mM B-mercaptoethanol) and then lysed by addition of this
buffer containing 0.5% Nonidet P-40 and 5 mM vanadyl
ribonucleoside complex (Bethesda Research Laboratories,
Inc.). Nuclei were removed by pelleting at 2,000 X g for 2
min. Cytoplasmic supernatants were incubated for 15 min at
37°C in 1% sodium dodecyl sulfate—25 mM EDTA-100 p.g of
proteinase K (Sigma Chemical Co.) per ml, phenol and
chloroform extracted, and ethanol precipitated. The precip-
itated nucleic acid was suspended in 200 pl of 25 mM Tris
hydrochloride (pH 7.5)-10 mM MgCl1,-500 mM NaCl-4 mM
CaCl,, digested with 20 ng of DNase I (Bethesda Research
Laboratories) for 30 min at 37°C, extracted with equal
volumes of phenol and chloroform, and precipitated with
ethanol. The RNA precipitate was suspended in sterile
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FIG. 1. HSV DNA probes used for mapping pol transcripts. The
top lines show the arrangement of HSV genomic sequences, and a
partial restriction map of HSV sequences used in mapping pol
transcripts is shown. The approximate locations of tk, dbp, and pol
(not to scale) are also depicted. The map position of the 1,235-
amino-acid-coding major pol open reading frame is shown below the
restriction map. The location of probes for primer extension and
nuclease protection experiments are also depicted. Abbreviations:
T, BstEIl; M, Maelll; Sm, Smal; B, BamHI; E, EcoRl; K, Kpnl; S,
Sall. 5'-End-labeled probes are represented by closed circles; those
ending with open circles were 3’-end labeled. The radiolabeled
fragment used for primer extension studies is indicated by the black
square.

distilled water and quantitated by spectrophotometry and by
ethidium bromide staining of samples electrophoresed in
agarose gels.

Analysis of RNA structure and quantitation of viral
mRNAs. End-labeled probes for nuclease mapping were
prepared from plasmid and viral DNA fragments by standard
protocols. Briefly, fragments for 5’ mapping were dephos-
phorylated with calf intestinal phosphatase (Boehringer
Mannheim Biochemicals) and subsequently labeled with
[y-*2PJATP (ICN; crude ATP, ca. 9,000 Ci/mmol) by using
polynucleotide kinase (Boehringer Mannheim Biochemicals)
(37). Fragments for 3’ mapping were generated by labeling
with Klenow fragment (Bethesda Research Laboratories)
and [o-**P]deoxynucleoside triphosphates (ICN; ca. 3,000
Ci/mmol) (36). Virion and plasmid DNA fragments labeled at
one end were then generated by digestion with a second
restriction endonuclease and purified from agarose or poly-
acrylamide gels. Labeled DNA fragments were incubated
with the indicated amounts of cytoplasmic RNA in 20 pul of
80% recrystallized formamide-400 mM NaCl-40 mM
HEPES . [N-2-hydroxyethylpiperazine-N,N’-bis(2-ethane-
sulfonic acid) pH 6.4]-1 mM EDTA. Various amounts of
DNA or RNA were used to demonstrate that the labeled
probes were in molar excess to the hybridizing RNA species
and to establish that the ensuing hybridization signal was
directly proportional to the amount of RNA added. Hybrid-
ization with probes specific for the 5’ end of pol mRNA were
carried out for 5 h at 60°C. Because of their lower G+C
content, hybridization to other probes was performed at
52°C. When hybridization to both pol and either the tk or dbp
probe was required, hybridization was performed for 5 h at
60°C, followed by hybridization at 52°C for an additional 5 h.
After hybridization, samples were diluted in 200 pl of 280
mM NaCl-50 mM sodium acetate (pH 4.6)—4.5 mM ZnCl,-20
ng of single-stranded salmon testes DNA per ml and di-
gested for 30 min at 37°C with 200 U of S1 nuclease
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(Boehringer Mannheim Biochemicals). Reactions were ter-
minated by phenol-chloroform extraction and ethanol pre-
cipitation. Nuclease-resistant material was resolved by elec-
trophoresis on polyacrylamide gels containing 8 M urea and
detected by direct autoradiography. Where appropriate, S1
digestion products were electrophoresed adjacent to a DNA
sequence ladder (37) generated from the corresponding
radiolabeled virion BamHI-BstEII fragment as described by
Weller et al. (57). Relative levels of autoradiographic signals
were quantitated by densitometric scanning of exposures of
films that were within the linear range of a Schoeffel model
SD3000 densitometer.

Digestion of hybridization reactions with exonuclease VII
was performed in 200 pl of 67 mM KPO, (pH 7.9)-8.3 mM
sodium EDTA-10 mM B-mercaptoethanol-2 U of enzyme
(Bethesda Research Laboratories) for 30 min at 37°C. Reac-
tion products were desalted by Sephadex G-50 chromatog-
raphy, ethanol precipitated, and resolved on polyacrylamide
gels containing 8 M urea.

Primer extension mapping of the pol transcript was per-
formed with total infected-cell RNA as described previously
(11). The primer extension products were electrophoresed
adjacent to radiolabeled Mspl fragments of pBR322.

Polyribosomes. Cells were incubated for 20 h prior to
infection with 50 wCi of [*H]uridine (38 Ci/mmol) per ml to
prelabel rRNA. Prelabeled monolayers infected for 5.5 h
were rinsed and then scraped into cold TKM buffer (50 mM
Tris hydrochloride [pH 7.6], 100 mM KCl, S mM MgCl,, 2
mM dithiothreitol, and 2.8 pg of cycloheximide per ml). To
lyse the cells, Nonidet P-40 was then added to a final
concentration of 0.5%, and the mixture was incubated on ice
for 5 min. Nuclei were pelleted by centrifugation at 2,000 X
g for 2 min at 4°C and then washed once with TKM buffer
and repelleted. The two cytoplasmic supernatants from
these centrifugations were pooled and brought to 1% sodium
deoxycholate. Cytoplasmic supernatants representing 2 X
107 cells were layered onto 11-ml 15 to 50% sucrose gradi-
ents with a 0.5-ml cushion of 55% sucrose in TKM buffer
containing 40 U of RNase inhibitor (Promega Biotec) per ml
and centrifuged at 4°C in an SW40 rotor for 165 min at 35,000
rpm. Fractions (0.225 ml) were removed sequentially from
the top of the gradients. Polysome profiles were monitored
by determining the absorbance at 260 nm or by measuring
the amount of radiolabeled RNA. Fractions were then
pooled, extracted with phenol-chloroform, and ethanol pre-
cipitated prior to analysis.

RESULTS

Mapping the 5’ end of the pol transcript. Figure 1 presents
a partial restriction map of the region of the HSV genome
containing the pol gene, showing the restriction sites that
define the DNA fragments used in these experiments. To
determine the approximate location of the 5’ terminus of the
pol transcript, a 550-bp Maelll-BstEIl DNA fragment (0.413
to 0.416) was 5’-end labeled at the BstEII site, hybridized to
infected-cell RNA, and then digested with S1 nuclease. The
BstEII site used is located 290 bp downstream from the
initiation codon of the major pol open reading frame (14, 45).
Infected-cell RNA protected a species of approximately 500
nucleotides (Fig. 2a, lanes 5 and 6). This observation places
the major 5’ Sl-sensitive site to the left of the BamHI site at
0.413. More full-length probe remained after hybridization
with infected-cell RNA than with mock-infected-cell RNA,
suggesting the presence of minor RNA species extending at
least to the Maelll site (Fig. 2a, lanes 3, 5, and 6). Several
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FIG. 2. Nuclease protection mapping of the 5’ end of the major
pol transcript. Cytoplasmic RNA isolated from Vero cells 6 h
postinfection was hybridized to 5'-end-labeled probes for 5 h at
60°C. Hybridized mixtures were then digested with S1 nuclease. S1
nuclease-resistant products were resolved by electrophoresis in 6%
acrylamide gels containing 8 M urea. (a) S1 mapping with a 550-bp
Maelll-BstEII fragment (0.413 to 0.416), labeled at the BstEII site.
Lanes: 1 and 2, DNA size markers; 3, S1 nuclease-resistant prod-
ucts from 20 pg of mock-infected-cell RNA; 4, probe that was
hybridized to mock-infected-cell RNA but not digested with S1
nuclease; 5, products from 20 g of infected-cell RNA; 6, products
from 10 pg of infected-cell RNA. The autoradiogram shown here
was cut and spliced to remove an overexposed marker lane. (b) S1
nuclease mapping with a BstEIl-BamHI fragment (0.410 to 0.413),
labeled at the BamHI site. This region contains an origin of
replication, ori;, portions of which tend to undergo deletion events
when cloned (50). Because of this, probes from both virion (425 nct)
and plasmid (370 nct) sources were used. Lanes: 1, G sequence
ladder of the transcript-coding strand of the virion DNA probe; 2, C
and T sequence ladder; 3, products derived from 10 pg of infected-
cell RNA and plasmid probe; 4, products derived from 10 pg of
infected-cell RNA and virion probe. The location of the major
Sl-sensitive sites on the coding strand are indicated by asterisks,
and are 51 and 57 nucleotides (nct) to the left of the BamHI site.

smaller species of low abundance were also protected, but
could be ascribed mainly to protection of smaller probe
fragments that arose spontaneously in these hybridization
conditions (Fig. 2a, lane 4).

To map the major S1-protected species from the 5’ end of
the pol gene more precisely, S1 nuclease analysis was
repeated with a DNA fragment 5’-end labeled at the BamHI
(0.413) site and extending leftward to a BstEII site at 0.410
(Fig. 1). This region contains an HSV origin of replication,
oriy, and a perfect 144-nucleotide palindrome, portions of
which often delete when cloned into conventional procary-
otic vectors (57). To ensure that such deletions would not
complicate mapping, probes from both virion (425 nucleo-
tides) and plasmid pKEF-P4 (370 nucleotides) DNAs were
used for S1 nuclease analysis. Comparison of S1 nuclease-
resistant DNA fragments with a DNA sequence ladder gen-
erated from virion DNA 5’ labeled at the BamHI site revealed
that regardless of the probe source, the major 5’ S1-sensitive
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FIG. 3. Primer extension and exonuclease VII analysis. (a)
Primer extension. Lane 1, DNA size markers; lane 2, primer
extension products obtained with a 39-nucleotide (nct) BamHI-Smal
fragment (0.413) to prime infected-cell RNA templates. (b) Exonu-
clease VII analysis with the BstEIl-BamHI fragment (0.410 to 0.413).
Lanes: 1, $X174 Hinfl markers; 2, exonuclease VII (Exo VII)-
resistant products derived from 20 ug of infected-cell RNA; 3, S1
nuclease-resistant products derived from 20 pg of infected-cell RNA.

sites mapped to positions 51 and 57 nucleotides to the left of
the BamHLI site (Fig. 2b). These major sites lie approximately
55 and 60 nucleotides to the right of the palindrome. Minor
sites further upstream were also detected.

To determine whether the major S1-sensitive sites corre-
spond to the 5’ terminus of the pol transcript, primer
extension analysis was performed (11). The major extension
products observed with a 39-nucleotide BamHI-Smal frag-
ment (mapping at 0.413) as a primer were approximately 82
and 87 nucleotides in length (Fig. 3a): These results place the
5’ terminus of the pol transcript 48 and 53 nucleotides to the
left of the BamHI site, in good agreement with the results
obtained by nuclease protection analysis. Importantly, the
primer extension products were no longer than would be
predicted if the pol transcript 5’ ends were defined by the 5’
ends of the major Sl-protected species. In addition, exonu-
clease VII digestion of RNA-DNA hybrids yielded two major
protected products similar in size to those protected from S1
digestion (Fig. 3b). The slight difference in the sizes of the
protected products is probably due to the removal of oligo-
nucleotides by exonuclease VII, in contrast to S1 nuclease,
which removes mononucleotides (9). We conclude that the
Sl-sensitive sites at 51 and 57 nucleotides to the left of the
BamHI site represent the major 5’ end of the pol transcript.

RNA species mapping to the ori; palindrome. Species
corresponding to sites lying within the ori; palindrome were
also protected by infected-cell RNA but not by mock-
infected-cell RNA (Fig. 2b). These species represented less
than 10% of the total amount of S1 nuclease-resistant mate-
rial. To map these minor S1-sensitive sites precisely, sam-
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FIG. 4. Minor RNA species mapping to the ori;_ palindrome. S1
nuclease analysis identical to that shown in Fig. 2b was repeated,
but electrophoresis was prolonged to increase resolution of the
minor products. To the right is a schematic drawing of the probes and
their protected products. nct, Nucleotides. Below, the sequence
position of the minor Sl-sensitive sites are shown by asterisks, the
arrow represents the position of the 55-bp deletion in pKEF-P4, and
nucleotide mismatches between virion and plasmid DNAs are under-
lined.

ples identical to those shown in Fig. 2b were electrophoresed
further (Fig. 4). The virion and plasmid probes each pro-
tected a species of 132 nucleotides, defining an S1-sensitive
site between the major 5’ end of the pol transcript and the
deletion in pKEF-P4 (57; data not shown). The virion probe
also protected a species of 174 nucleotides, defining an
S1-sensitive site mapping within the deletion in pKEF-P4.
The plasmid probe protected a species of similar abundance
of 154 nucleotides. There was only a faint product of 144
nucleotides corresponding to the deletion junction. As de-
picted in Fig. 4, the upstream sequences that replace the
deleted sequences of the plasmid are identical to the virion
DNA sequence at six of the first seven nucleotides to the left
of the deletion endpoint. We hypothesize that this accounts
for the extension of this S1-resistant product.

Both of the minor S1-sensitive sites were found immedi-
ately upstream of A-G dinucleotides. Since we detected
neither exonuclease VII nor primer extension products
corresponding to these minor sites (data not shown), the
possibility that these represent splice acceptor sites remains.

Mapping of the polyadenylation site of the pol transcript.
The polyadenylation site of the pol transcript was located by
S1 analysis of hybrids between infected-cell RNA and a
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DNA fragment 3'-end labeled at the BamHI site at map
position 0.436 and extending approximately 1.5 kb to a Sall
site at 0.445 (Fig. 1). The major species protected by
infected-cell RNA migrated as a doublet of approximately
330 nucleotides (Fig. 5a, lanes 2 and 3). Mock-infected-cell
RNA did not protect a similar product (Fig. 5a, lane 1). This
observation places the major S1-sensitive site 90 nucleotides
to the left of the Kpnl site at map coordinate 0.439, 20
nucleotides downstream from a consensus (AATAAA) poly-
adenylation signal (Fig. 5b) (4, 44). The major S1-sensitive
sites are just upstream of a sequence that resembles G+T-
rich sequences that have been found downstream of the
polyadenylation sites for several genes (4, 38).

Quantitation of relative levels of pol transcripts. Because
replicative DNA polymerases are frequently low-abundance
polypeptides, we wished to determine the levels of the HSV
pol transcript relative to another HSV early transcript. For
this comparison, we chose the thymidine kinase (k) tran-
script. To quantitate relative levels of pol and tk mRNA
accumulation, nuclease protection assays were performed
with the 5’-end-labeled pol probe (Fig. 2b) combined with a
probe for the rk transcript. This second probe consisted of a
192-nucleotide EcoRI-Rsal fragment labeled at the Rsal site
(54). The tk mRNA protected 118 nucleotides of this probe
from S1 nuclease digestion. Prior to performing quantitative
comparisons of pol and tk mRNA levels, we determined that
(i) the conditions used to detect the pol and tk transcripts
simultaneously yielded signals similar to those obtained
when each probe was used separately, (ii) neither probe
generated radiolabeled species comigrating with species
generated from the other, and (iii) the DNA probes were
used at levels of molar excess (Fig. 6). Thus, the hybridiza-
tion signals produced were linear with the amount of RNA
present in each hybridization reaction (Fig. 6, compare lanes
2 and 3 and lanes 5 and 6).

Cytoplasmic RNA isolated at different times after infec-
tion was hybridized with a mixture of both probes and
digested with S1 nuclease, and the products were resolved
on a polyacrylamide gel (Fig. 7). The pol and tk probes were
adjusted to the same specific activity, enabling direct com-
parison of tk and pol transcript levels. As shown in Fig. 7 and
8, the temporal patterns of tk and pol mRNA accumulation
were similar, although higher levels of tk transcripts were
observed at early times and higher levels of pol transcripts
were observed at late times. No new 5’ termini were
detected during the course of infection (Fig. 7). There was
only a two- to threefold difference in the peak levels of zk and
pol transcripts. Moreover, comparison of the areas under the
curves shown in Fig. 8 indicated that the level of overall
accumulation of tk mRNA was less than twofold greater than
that of pol mRNA.

Relative distribution of pol transcripts on polyribosomes. To
test the possibility that pol transcripts might be translated
less efficiently than other HSV early mRNAs, we compared
the polysome distribution profile of pol transcripts with that
of transcripts for dbp. The lengths of the dbp transcript and
its major open reading frame are similar to those of the pol
transcript (14, 45). Therefore, assuming that elongation rates
are similar, differences observed in the polysome distribu-
tion of these RNAs should be a reflection of differences in
the efficiency of translation initiation.

Cytoplasmic supernatants prepared from cells infected for
5.5 h were fractionated by centrifugation through sucrose
gradients. The distribution of RNA in such a gradient is
shown in Fig. 9a, revealing a typical polysome profile.
Fractions from the gradient shown in Fig. 9a were pooled as
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FIG. 5. Mapping of the polyadenylation site of the pol transcript. (a) S1 nuclease analysis with a DNA fragment 3’-end labeled at a
BamHI site (0.436) and extending approximately 1.5 kb to a Sall site (0.445). Lane 1, Sl-resistant products protected by 20 pg of
mock-infected-cell RNA; lane 2, products from 10 pg of infected-cell RNA; lane 3, products from 20 ng of infected-cell RNA; lane 4 and 5,
pBR322 Alul-BamHI and $X174 Haelll markers, respectively. (b) Sequence from the BamHI site at 0.436 to the Kpnl site at 0.439. The
location of the major S1-sensitive site is shown juxtaposed between a consensus polyadenylation sequence (in brackets) and a G+T-rich
region. These positions are shown along with the C terminus of the major pol open reading frame. Nucleotides are numbered from the center

of the ori;_ palindrome (14, 57).

indicated. Quantitative S1 nuclease analysis was performed
with a mixture of the BamHI-BstEII pol probe used in Fig.
2b and 7 and the same fragment labeled at the 5’ end at the
BstEIl site to detect dbp transcripts (51). Control experi-
ments similar to those shown in Fig. 6 were performed to
ensure that this assay was both specific and quantitative
(data not shown). This analysis revealed major differences in
the polysome profiles of pol and dbp transcripts (Fig. 9b and
c). The majority of pol transcripts, in contrast to dbp
transcripts, were found within the slower-sedimenting frac-
tions of the gradient, including free ribonucleoprotein, ribo-
somal subunits, monosomes, and small polysomes (pools A
to G). Conversely, only a small proportion of pol transcripts
and a majority of dbp transcripts were found to be associated
with large polyribosomes (pools H to O). S1 analysis re-
vealed no alterations in the 5’ ends of pol transcripts
associated with the various fractions.

Samples of the same pooled fractions bound to nitrocellu-
lose were hybridized with uniformly labeled probes for pol,
dbp, or tk. Using this procedure, we detected relative levels
of pol and dbp transcripts in each fraction similar to those
detected by the nuclease protection assay. Moreover, even
though the length of tk coding sequences is only one-third
that of pol coding sequences, there was still a much greater
representation of tk transcripts on large polyribosomes than
of pol transcripts (results not shown). These observations

suggest that at 5.5 h after infection, when levels of pol
mRNA accumulation have nearly peaked, the translation of
this mRNA is inefficient.

DISCUSSION

Structure of the major pol transcript. In this study we used
S1 nuclease protection, primer extension assays, and exo-
nuclease VII analysis to map the 5’ end of the major pol
transcript (Fig. 2 and 3). As shown in Fig. 10, we have
assigned the location to two closely spaced sites 51 and 57
nucleotides to the left of the BamHI site at 0.413. We chose
this location, determined by S1 nuclease protection (Fig.
2b), rather than the location obtained by primer extension
and exonuclease VII (Fig. 3a and b), because it was derived
by direct comparison with a DNA sequence ladder of the
probe. However, given the potential for S1 nuclease either to
spare unpaired bases (e.g., Fig. 4) or to ‘‘nibble’ into
double-stranded regions, there may be an error of a few
bases in either direction in our mapping.

Mapping of the polyadenylation site of the major pol
transcript (Fig. 5), together with the mapping of its 5’ end,
predicts an unspliced, polyadenylated RNA molecule of 4.2
kb. This would be consistent with one of the two roughly
equimolar pol mRNA species detected by Holland et al. (19)
with Northern blot hybridization analysis. In similar exper-
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FIG. 6. Quantitative nuclease protection assay. DNA fragments
specific for tk and pol transcripts were end labeled to equal specific
activities and used as probes in S1 nuclease assays. Lanes 1 to 3, pol
probe; lanes S to 7, tk probe; lane 4, both probes. Lanes: 1 and 7,
products derived from 20 pg of mock-infected-cell RNA; 2 and 6,
products derived from 10 pg of infected-cell (6 h) RNA; 3 to S,
products derived from 20 pg of infected-cell RNA.

iments, Rafield and Knipe detected a single RNA species
from this region (46). We and others have also been unable to
distinguish more than one transcript by Northern blot anal-
ysis at various time postinfection (55; Yager and Coen,
unpublished results). We find no evidence for major S1-
sensitive sites within 375 nucleotides upstream (Fig. 4) or
500 nucleotides downstream (Fig. 2a) from the major 5’ end.
Nor can we detect such sites within 300 nucleotides up-
stream or 1,200 nucleotides downstream from the 3’ end
(Fig. 5). Thus, assuming that there are no internal splicing
events, the major pol transcript contains the entire long open
reading frame of the pol gene (14, 45). Preliminary results
obtained from two-dimensional S1 nuclease mapping (data
not shown) argue against the existence of any major pol
transcripts generated by internal splices. Nevertheless, we
cannot absolutely exclude the possibility that such splices
exist, nor can we exclude the possibility that differences
between our results and those of Holland et al. (19) are due
to the different cell lines that were used by the different
laboratories.

The pol promoter and ori; palindrome. The sequences
upstream from the 5’ end of the pol transcript are similar to
those of other viral early gene promoters. The sequence
CATAA, roughly 24 nucleotides upstream from the pol
transcript 5’ end, probably serves as the TATA box (Fig. 10)
(3). Further upstream, a G+C-rich region centered roughly
68 nucleotides upstream of the 5’ end matches the consensus
Sp1 decanucleotide binding site (5). This site is a transcrip-
tional control signal in several genes (21, 23), and there are
two such sequences in the HSV tk promoter, one on each
strand, that affect its transcription (11, 22, 23, 38). There is no
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FIG. 7. Time course of relative transcript levels. Under condi-
tions identical to those in Fig. 7, lane 4, tk and pol probes were
mixed and hybridized to 20 pg of cytoplasmic RNA isolated at
different times during HSV infection as indicated.

evidence of a CCAAT box (3), which also functions to
promote transcription in the tk gene (11, 38). Despite the
relatively degenerate TATA box, the absence of a CCAAT
box, and the presence of only one consensus Spl site, we
observed that the accumulation levels of pol mRNA were
similar to those of tk mRNA (Fig. 7 and 8). Similarly, nuclear
runoff experiments have revealed that the rate of transcription
of pol during HSV infection is comparable to that of ¢k (11,
55).

Both the Spl consensus sequence found upstream of the
major pol transcript and the minor Sl-protected products
map within the 144-bp palindrome associated with ori; of
HSV. Origins of DNA synthesis frequently contain palindro-
mic regions which are close to temporally regulated tran-
scription units (6, 49, 57). Current evidence suggests that
transcription factors or transcriptional activation of the
DNA template may be required for the initiation of replica-
tion (12, 13, 21, 41).

2.04
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FIG. 8. Densitometric scan of quantitative nuclease protection
assay. The results obtained by scanning an autoradiogram identical
to the one in Fig. 7 but exposed for a shorter length of time so as to
be in the linear range of the densitometer. Symbols: @, tk probe; O,
pol probe.
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FIG. 9. Relative distribution of pol transcripts on polyribo-
somes. (a) Cytosols prepared from cells labeled with [*H]uridine and
then infected for 5.5 h were fractionated by velocity sedimentation
through sucrose gradients. Fractions were collected from the top,
and the radioactivity in each was measured by scintillation counting.
The position of the 40S peak was determined by ethidium bromide
staining of portions fractionated by agarose gel electrophoresis. (b)
Fractions pooled as indicated in panel a were used for quantitative
nuclease protection analysis with pol and dbp probes. 5’ ends of the
BstEll-BamHI fragment were labeled to specific activities so that
similar signals were obtained with unfractionated infected-cell RNA
(not shown). (c) Graph of relative levels of pol and dbp transcripts in
pooled fractions derived from densitometric scanning of the results in
panel b.

Evidence that pol expression is inefficient at the level of
translation. Selective translation of cellular as well as viral
mRNAs has been described in several systems (1, 25, 26,
34), and various mechanisms have been proposed to account
for this. For example, in adenovirus- and influenza virus-
infected cells, translation of host mRNA is inhibited, appar-
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ently at the level of both initiation and elongation (25, 26). In
HSV-infected cells, it has been suggested from a comparison
of overall polysome profiles and protein synthesis rates that
transcripts can be found on inactive polysomes (47, 52).

The results presented here (Fig. 8 and 9) demonstrate that
during the peak time of pol mRNA accumulation, relatively
few pol transcripts were present on large polyribosomes.
Thus, if pol expression is inefficient at the level of transla-
tion, it does not appear to be due to the presence of pol
transcripts on inactive polysomes. Our results suggest instead
that translation of pol transcripts is inefficient at the level of
initiation. Alternatively, a very rapid rate of elongation rela-
tive to dbp and tk transcripts could explain the absence of pol
mRNA on large polysomes. However, this is not consistent
with the observed levels of synthesis and accumulation of the
translation products of these mRNAs (16, 17; Yager and
Coen, unpublished results). Antisera generated against pol-
lacZ fusion proteins are currently being used to compare the
levels of TK, DBP, and Pol synthesis.

Sequence features of pol possibly involved in regulation of
translation efficiency. As can be seen in Fig. 10, a number of
features of the pol transcript might participate in the regula-
tion of its translation. The initiation codon of the major pol
open reading frame is found in a context that differs from the
consensus sequence motif CC(A/G)CCAUGG (29) only by
replacing G with a U at the first nucleotide after the AUG.
Such substitutions have been shown to decrease expression;
however, such decreases are not drastic when there is an A
or G three bases upstream of the AUG (29). The major pol
open reading frame is preceded by a short open reading
frame, which might result in reduced utilization of the major
pol open reading frame (31). However, because the initiation
codon of the upstream open reading frame is in a nonpre-
ferred context, UGCACAUGC, and the downstream open
reading frame begins at least 80 nucleotides downstream of
the termination codon of the upstream reading frame (32),
the presence of the upstream open reading frame may not
play a major role in pol expression.

In contrast, computer modeling of the pol transcript
predicts the formation of a hairpin extending from +155 to
+308 (Fig. 10) (18). This hairpin, which would encompass
the initiation codon of the major pol open reading frame, has
a predicted Gibbs free energy of —71 kcal/mol. The inhibi-
tory effect on translation resulting from the introduction of
less stable hairpin structures into the leader regions of
mRNAs has been demonstrated (30, 42). We suggest that
this feature of the pol transcript contributes to decreasing pol
expression and are currently testing this hypothesis.

The biological significance of the relatively low abundance
of many replicative polymerases remains unclear. If poly-
merases were present in large amounts, they might inappro-
priately sequester other replication factors with which they
interact, as has been suggested for vesicular stomatitis virus
RNA polymerase (40). Assuming that maintaining a low
level of Pol is important to HSV, there are at least two
plausible reasons why control of HSV DNA pol expression
at the level of translation might be valuable. First, induction
of early viral mRNAs, including pol, at the appropriate time
may require that they be transcribed at relatively similar
levels. This would require that expression of pol be regulated
posttranscriptionally to prevent its overexpression. In this
scheme, decreasing pol expression by inefficient translation
would be no more advantageous than other strategies, such
as decreasing pol mRNA stability. Second, control at the
level of translation may offer the advantage of finer temporal
control of Pol expression. For example, pol mRNA might be
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361

SerProGlyGlyLysSerAlcAlcArgAlaAlaSerGlyPhePheAlaProAlaGlyProArgGlyAlaGlyArqGlyProProProCysLeuArgGinAsnPheTyrAsnProTyrleu

FIG. 10. Features of the DNA sequence in the 5’ region of the HSV DNA polymerase gene. The DNA sequence begins in the center of
the palindrome that contains ori,, which is indicated by overlining. Note that the Spl consensus decanucleotide (underlined) lies within this
palindrome. The positions of the major and minor S1-sensitive sites protected by infected-cell cytoplasmic RNA are indicated by thick and
thin arrows, respectively. The candidate TATA box is boxed. The BamHI site (0.413) used for mapping is shown. The sequences around the
AUG of both the short upstream and the major open reading frames are bracketed. The predicted large, very stable hairpin, which includes
the initiation codon for the long open reading frame, is indicated by another horizontal line over the sequence.

translated efficiently at early times but poorly at late times.
Precedents for such temporal control have been reported for
both the HSV system (20) and adenovirus (25, 26, 35, 53).
Such control mechanisms may simply reflect preferential
inhibition of translation of more poorly initiating mRNAs in
the face of an overall decline in the efficiency of the transla-
tion machinery (34). The HSV system should be useful for
exploring the biological significance of low polymerase
expression and the mechanisms employed to achieve that
end.
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