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The catalytic subunit of herpes simplex virus DNA polymerase (Pol), a member of the B family polymerases,
possesses both polymerase and exonuclease activities. We previously demonstrated that a recombinant virus
(YD12) containing a double mutation within conserved exonuclease motif III of the Pol was highly mutagenic
and rapidly evolved to contain an additional leucine-to-phenylalanine mutation at residue 774 (L774F), which
is located within the finger subdomain of the polymerase domain. We further demonstrated that the recom-
binant L774F virus replicated DNA with increased fidelity and that the L774F mutant Pol exhibited altered
enzyme kinetics and impaired polymerase activity to extension from mismatched primer termini. In this study,
we demonstrated that addition of the L774F mutation to the YD12 Pol did not restore the exonuclease
deficiency. However, the polymerase activity of the YD12 Pol to extension from mismatched primer termini and
on the nucleotide incorporation pattern was altered upon addition of the L774F mutation. The L774F muta-
tion-containing YD12 Pol also supported the growth of viral progeny and replicated DNA more efficiently and
more accurately than did the YD12 Pol. Together, these studies demonstrate that a herpes simplex virus Pol
mutant with a highly mutagenic ability can rapidly acquire additional mutations, which may be selected for
their survival and outgrowth. Furthermore, the studies demonstrate that the polymerase activity of HSV-1 Pol
on primer extension is influenced by sequence context and that herpes simplex virus type 1 Pol may dissociate
more frequently at G � C sites during the polymerization reaction. The implications of the findings are
discussed.

Herpes simplex virus (HSV) DNA polymerase consists of
the catalytic subunit of the polymerase (Pol) and the proces-
sivity factor UL42. The Pol subunit contains three well-defined
activities: polymerization (replication), exonuclease proofread-
ing (editing), and UL42 binding (5, 6, 28). The UL42 binding
activity is mediated by amino acid residues located at the C
terminus (5, 6). Although the UL42 binding residues are unique
to certain alphaherpesvirus DNA polymerases, the sequences
comprising the polymerase and exonuclease domains are con-
served among the B family (or the �-like) polymerases (2–4).
The exonuclease domain of the HSV type 1 (HSV-1) Pol
contains conserved exonuclease I (Exo I), II, and III motifs,
whereas the polymerase domain contains seven conserved re-
gions (I to VII); conserved region IV overlaps with the Exo II
motif. The Exo III motif is located within the � region C, which
is highly conserved among the B family polymerases (Fig. 1A).
These conserved regions are located within the palm, the
thumb, and the finger subdomains, which comprise the struc-
tural components of the polymerase domain. The crystal struc-
ture of the HSV-1 Pol subunit revealed three grooves that form

the putative polymerase, exonuclease, and DNA binding sites.
The putative exonuclease site is defined as a groove formed
between the exonuclease domain and the tip of the thumb
subdomain. The palm and thumb subdomains form a groove
proposed to be the putative duplex DNA binding site for both
the editing and the polymerization complexes (23). Thus, the
polymerase and exonuclease domains of HSV-1 are structur-
ally and functionally interconnected (1, 7, 16, 21, 23, 27, 28),
although they are organized into two different domains.

The high fidelity of DNA replication is achieved by three
different mechanisms: nucleotide discrimination during the po-
lymerization reaction, editing immediately after the polymer-
ization reaction, and postreplication repair. HSV-1 mutant Pol
containing mutations within the conserved regions of the poly-
merase domain can result in altered enzyme kinetics and DNA
replication fidelity (8, 9, 11, 12, 18, 26). Similarly, mutation of
conserved Exo domain residues can lead to the loss of exonu-
clease activity and to altered nucleotide selection and incorpo-
ration kinetics as well as the mutator phenotype (1, 10, 13, 14,
21, 25). Our previous studies demonstrated that a mutant Pol
(YD12) containing a tyrosine-to-histidine substitution at resi-
due 577 and an aspartic acid-to-alanine substitution at residue
581 (Y577H/D581A) is exonuclease deficient (exo�) and that
recombinant virus expressing the mutant Pol exhibits a muta-
tor phenotype in vivo (14). However, this recombinant virus
rapidly evolved to contain an additional leucine-to-phenylala-
nine substitution at residue 774 (L774F), which is located
within conserved region VI of the polymerase domain (18).
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Interestingly, a recombinant virus containing the L774F Pol
mutation exhibits increased fidelity of DNA replication (18).
Our recent study also demonstrated that the mutant L774F Pol
exhibits altered enzyme kinetics (26). These results led to the
hypothesis that the emerged L774F mutation in the context of
the YD12 Pol mutant may also affect enzyme activity, DNA
replication, and fidelity.

MATERIALS AND METHODS

Cells and viruses. The cell lines Vero and Pol A5 and the newly constructed
cell lines, YD12-7 and YDL-8, were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 5% newborn calf serum (YDL refers to Pol with
Y577H/D581A/L774F mutations). HSV-1 wild-type strain KOS was propagated
on Vero cells as described previously (29). Recombinant virus HP66, a pol null
mutant in which the pol open reading frame was replaced by the lacZ gene (24),
was propagated in Pol A5 cells as described previously (14).

Plasmids. The Y577H/D581A/L774F Pol mutant expression plasmid pSVK-
YDL was constructed from the Y577H/D581A Pol mutant expression pSVK-
YD12 (14) by replacing a 750-bp MstI-NotI fragment of pHC629 (18) (Fig. 1B).
The plasmid pHC629 contains a 3.3-kbp BamHI fragment of the pol gene
isolated from recombinant YD12 virus-infected cell DNA, which contains the
engineered Y577A/D581A double substitutions plus the newly acquired L774F
mutation (18). The same MstI-NotI DNA fragment was also used to replace the
corresponding DNA fragment in pBlue-pol, the transfer vector for construction
of the recombinant baculovirus (14), to obtain the pBlue-YDL plasmid. Plasmids
pSVK-YDL and pBlue-YDL were sequenced to confirm the presence of muta-
tions corresponding only to Y577A/D581A/L774F, using the primers previously
described (14).

Construction of cell lines. To construct cell lines, approximately 5 � 105 Vero
cells were seeded onto 60-mm2 tissue culture plates overnight. Two micrograms
of the plasmid pSVK-YD12 or pSVK-YDL was cotransfected with 0.1 �g pSV2-
neo into Vero cells, using Lipofectamine 2000 according to the manufacturer’s
instruction. The transfected cells were then selected with 750 �g/ml G418 for 2
weeks. Single foci were isolated, amplified, and tested for the ability to support
the growth of HP66 virus. One cell line each was randomly selected, and DNA

was isolated, amplified by PCR, and sequenced to confirm the presence of the
expected pol mutations.

Single-cycle growth curve. The single-cycle growth curve assay was performed
as described previously (20). Briefly, the 1 � 105 cells preseeded onto 12-well
plates were infected with HP66 at a multiplicity of infection of 3. Infected cells
were harvested at different time points after infection, and virus yields were
determined by plaque assays, using Pol A5 cells.

Real-time PCR quantification of viral DNA. The amount of viral DNA syn-
thesized during the single-cycle growth curve assays was quantified by real-time
PCR as described previously (20), using the 73-bp target sequences of the HSV-1
UL29 gene.

Real-time reverse transcription-PCR quantification of pol expression. Total
RNA was prepared from infected cells, using Trizol reagent (Invitrogen). The
cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad) and
subjected to real-time PCR quantification as described previously (20), except
that two pol primers, pol-1333 (5�-GAGATGCTGTTGGCCTTCAT-3�) and pol-
1418 (5�-GGCCAGTCGAAGTTGATGAT-3�), were used to amplify an 86-bp
target sequence of the pol.

Mutagenesis assay. Recombinant HP66 virus was used to examine the muta-
tion frequency of the lacZ gene propagated in cells expressing the wild-type or
mutant Pol as described previously (17, 19). Briefly, cells were inoculated with
100 PFU of HP66 and incubated for 72 h. Progeny virus was harvested and
analyzed by plaque assay on Pol A5 cells to identify clear or light-blue plaques
(indicating mutated lacZ) after X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galacto-
pyranoside) staining. The lacZ mutation frequency was determined as the ratio
of the number of mutant plaques to the total number of plaques examined. The
chi-square test was used to determine the statistical significance of the mutation
frequency differences.

Recombinant baculovirus, protein expression, and purification. Recombinant
baculoviruses expressing wild-type, L774F, and YD12 Pols have been described
previously (14, 26). Recombinant baculovirus expressing the YDL mutant Pol
was constructed as previously described (14), using the pBlue-YDL plasmid.
Baculoviruses were used to infect Sf9 insect cells, and the recombinant wild-type
or mutant Pols were purified as described previously (14) to homogeneity (data
not shown).

Polymerase and exonuclease activity assays. Polymerase activity was examined
by measuring the Pol’s ability to incorporate deoxynucleoside triphosphates

FIG. 1. (A) Schematic diagram of the conserved regions and motifs within HSV-1 Pol. The relative locations of the conserved regions of HSV-1
Pol are shown at the top; regions I to VII and � region C are represented by open boxes. The conserved exonuclease motifs I, II, and III are
indicated with closed boxes. The functional and structural domains (determined by crystal structure analysis [23]) of the HSV-1 Pol are shown
below. The N-terminal domain (N domain) is composed of two regions separated by the 3�-to-5� exonuclease domain (23). (B) Schematic diagram
of wild-type and mutant YDL Pol. The BamHI fragment of the wild-type pol from the plasmid pHC629 is shown at the top. The relative location
of conserved region VI and the Exo III motif are shown below, with corresponding wild-type and mutant (YDL) amino acid sequences. B, BamHI;
M, MstI; N, NotI.
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(dNTPs) into a defined primer-template pair. The primer-template pairs were
comprised of a 5�-32P-labeled 17-mer oligonucleotide annealed to an equal molar
amount of a 34-mer oligonucleotide template. Each template contained a base
allowing for formation of a matched or mismatched primer-template (p/t). The
p/t (5 nM) was incubated with HSV-1 Pol (10 nM) in buffer A [20 mM Tris-HCl,
0.1 mM EDTA, 40 �g/ml bovine serum albumin, 4% (vol/vol) glycerol, 3 mM
MgCl2, 5 mM dithiothreitol, 150 mM (NH4)2SO4] containing 100 �M each of
four dNTPs. The reaction mixtures (10 �l each) were incubated at 37°C for 10 or
30 min for matched or mismatched p/t, respectively, and terminated with 4 �l of
loading buffer. The reaction products were analyzed on 15% denaturing polyac-
rylamide gel containing 8 M urea.

The 3�-to-5� exonuclease activity of the Pol was analyzed by measuring deg-
radation of a labeled primer under the same conditions in the absence of dNTPs.
The integrated band intensities were quantified using PhosphorImager analysis
(Molecular Dynamics), and the relative activity was determined by comparison to
wild-type Pol activity.

Drug sensitivity assays. The standard gap-filling reactions using activated
salmon sperm DNA as the substrates were performed as described previously
(14) to examine the sensitivity of wild-type and mutant Pols to phosphonoacetic
acid (PAA). The Klenow fragment (KF) of Escherichia coli Pol I was included as
a control.

RESULTS

We previously constructed recombinant viruses expressing
Pol with amino acid substitutions in the highly conserved Exo
III motif (14). The mutant Pols were defective in exonuclease
activity and exhibited a mutator phenotype, which led to the
emergence of heterogeneous viral progeny (14). Subsequent
plaque purification experiments demonstrated that a single
plaque derived from the YD12 recombinant virus had acquired
an additional L774F mutation. This virus, named YDL
(Y577H/D581A/L774F) acquired the L774F mutation during
or prior to the second passage and rapidly became the pre-
dominant population prior to or during the fifth passage (18).
This led us to characterize the effects of the L774F mutation on
the Pol’s phenotype and to determine that conserved region VI
of the HSV-1 Pol plays a role in the polymerization reaction
and regulates DNA replication fidelity (18). Because the YD12
recombinant virus rapidly evolved to acquire the L774F Pol
mutation, we also hypothesized that the additional L774F mu-
tation was beneficial for DNA replication and virus growth in
the context of the YD12 Pol mutant.

YDL Pol exhibited improved viral progeny yields and more-
efficient DNA synthesis compared to those exhibited by YD12
Pol. We first compared the abilities of YDL and YD12 Pol
enzymes to support virus growth. Because recombinant viruses
may acquire further pol mutations over time, we constructed
cell lines expressing either YD12 or YDL Pol and used these to
propagate HP66, a pol null mutant. Although this approach
does not prevent the development of an additional mutation(s)
in the viral genome, the Pol expressed from the cell lines is not
expected to contain additional mutations. The newly con-
structed cell lines, YD12 and YDL, which expressed YD12 Pol
and YDL Pol, respectively, and were able to support the
growth of HP66 mutant virus (Fig. 2A), were used in this study.
The integrated mutant pol in each cell line was amplified by
PCR and sequenced to confirm the presence of the expected
mutations (data not shown).

A single-cycle growth curve was used to examine the ability
of the mutant Pol cell lines to support HP66 replication. The
results from two independent experiments are shown in Fig.
2A. The Pol A5 cell line expressing wild-type Pol supported the
growth of HP66 virus, which increased after 8 h and peaked at

36 h postinfection. Both the YD12 and YDL cell lines also
supported the growth of HP66. However, YDL cells produced
only a slightly increased viral titer between 8 and 12 h postin-
fection. In YD12 cells, an increase of viral titer was not de-
tected until after 12 h postinfection. Viral progeny in both
YD12 and YDL cells notably increased after 12 h and peaked
at 36 h postinfection. Interestingly, YD12 cells supported
HP66 replication with 50-fold lower efficiency than did Pol A5
cells, whereas YDL cells had only 10-fold lower viral replica-
tion efficiency than did Pol A5 cells. Thus, the triple-point
mutant YDL Pol was fivefold more efficient in supporting viral
replication than was the double-point mutant YD12 Pol.

To measure the amount of viral DNA synthesized in each
cell line, aliquots of infected cells from the single-cycle growth
curve assays were subjected to DNA extraction, and the
amount of viral DNA was quantified using real-time PCR.
Figure 2B shows the average amount of DNA synthesized in
these cell lines. In Pol A5 cells, the viral DNA copy number
started to increase at 2 h postinfection and peaked at 36 h
postinfection. Consistent with the observed delay of virus rep-
lication in the YD12 and YDL cell lines, viral DNA synthesis
in the YD12 cells become obvious only after 8 h postinfection,
and only a slight increase in viral DNA was observed in the
infected YDL cells between 2 and 8 h postinfection. Also,
maximal viral DNA synthesis in YDL and YD12 cells was two-
and threefold lower, respectively, than that in Pol A5 cells.
These results demonstrated that although YD12 Pol is defec-
tive for viral growth and has a modest effect on viral DNA
replication compared with the wild-type Pol, acquisition of the
L774F mutation improved these parameters in comparison to
those of the parent YD12 Pol.

Equal levels of expression of pol in cell lines. Since the
effects of Pol mutation on virus and DNA replication were
examined on different cell lines, it is important to examine
whether the cell lines may express different level of the pol,
contributing to the altered phenotypes. We performed real-
time reverse transcription-PCR to quantify the relative level of
the pol transcripts expressed in these cells infected with HP66.
At 2, 5, 8, and 24 h postinfection, these cells expressed no
significant difference of the pol transcripts, although there was
a 10-fold increase in pol transcripts in these cell lines after 5 h
of infection, compared with those at 2 h postinfection (Fig.
2C). As a control, the pol transcripts in KOS-infected Vero
cells were 103-fold higher than the pol expressed in these cells
lines infected by HP66 (data not shown). Therefore, the al-
tered phenotypes of Pol mutants are not due to the expression
level of Pol in these cells.

YDL Pol replicated viral DNA with higher fidelity than did
YD12 Pol. The YD12 mutant Pol exhibited a dramatic de-
crease in virus growth (a 50-fold decrease), but with only a
modest effect on DNA replication (a threefold decrease). On
the other hand, the YDL mutant Pol exhibited a much smaller
difference in impact between the virus yields and the amounts
of DNA synthesized. Interestingly, the L774F Pol appeared to
improve DNA replication fidelity compared with the wild-type
Pol (18). These led to the hypothesis that the L774F mutation
in the context of YD12 Pol may improve DNA replication
fidelity to produce a smaller amount of noninfectious virus,
which in turn has less impact on virus yields and on the effi-
ciency of DNA synthesis. To test this hypothesis, we performed
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the lacZ mutagenesis assay to measure the mutation frequency
of the lacZ gene, which was engineered in HP66 virus, propa-
gated in each Pol-expressing cell line. The Pol A5 cells medi-
ated replication of the lacZ gene with a mean mutation fre-
quency of 0.060% in two independent experiments, whereas
the YD12 Pol cells exhibited an 	10-fold higher lacZ mutation
frequency than did Pol A5 cells (P 
 0.0001; chi-square test)
(Table 1). The YDL Pol cells replicated the lacZ gene at a
fivefold higher mutation frequency than did the wild-type Pol
cells and, therefore, exhibited a lower mutation frequency than
did the YD12 Pol cells (P � 0.0005 and P � 0.0003, in two
independent experiments). Thus, the addition of the L774F
mutation in the Exo III mutant YD12 Pol background im-
proved the fidelity of DNA replication, although the fidelity
was lower than that of the wild-type Pol.

YDL triple mutant Pol was exo�. The increased fidelity of
the YDL Pol in comparison to that of the YD12 Pol may arise
from altered polymerase activity and/or proofreading activity.

FIG. 2. (A) Propagation of HP66 virus in Pol cell lines. A single-cycle growth assay was performed to measure the yield of HP66 propagated
in the indicated cell lines. Approximately 1 � 105 cells were infected with HP66 at a multiplicity of infection of 3. The infected cells were harvested
at different time points after infection, and the viral titer (PFU/ml) was measured by plaque assay on Vero cells. (B) Amounts of HP66 viral DNA
synthesized in cell lines containing integrated wild-type or mutant pol. Infected cells harvested from the single-cycle growth assay were subjected
to DNA isolation and purification. The relative amounts of viral DNA synthesized in the indicated cell lines were then quantified using real-time
PCR amplification of a 73-bp target sequence of UL29. (C) Pol mRNA expression levels in cell lines. HP66-infected cells were harvested at 2, 5,
8, and 24 h after infection and subjected to RNA extraction and cDNA synthesis. The relative amounts of cDNA in the indicated cell lines were
then quantified using real-time PCR amplification of an 86-bp target sequence of UL30. (D) PAA resistance of mutant Pols. PAA sensitivity assays
were performed as described in Materials and Methods.

TABLE 1. lacZ mutation frequency of Pol mutantsa

Cell lineb No. of white/
light-blue plaques

Total no. of
plaques

Mutation frequency
(%)c

Pol A5 (I) 5 7,685 0.065
Pol A5 (II) 3 5,535 0.054
YD12 (I) 104 1,921 5.41 (P 
 0.0001)
YD12 (II) 83 1,820 4.56 (P 
 0.0001)
YDL (I) 41 1,709 2.40 (P � 0.0005)
YDL (II) 37 1,628 2.27 (P � 0.0003)

a The lacZ mutagenesis assay was performed by inoculation of 100 PFU into
cells. Infected cells were incubated for 72 h. Progeny viruses were harvested and
subjected to plaque assay, followed by X-Gal staining. The mutation frequency
was determined as the ratio of the number of clear plaques plus light-blue
plaques to the total number of plaques.

b Two independent experiments (I and II) of each cell line were examined for
the lacZ mutagenesis assay.

c The mutation frequency derived from YD12 cells was compared to that
derived from Pol A5 cells. The mutation frequency derived from YDL cells was
compared to that derived from YD12 cells. The P values were determined by
chi-square test.
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We therefore examined whether the additional L774F muta-
tion restored the exonuclease activity of the exo� YD12 Pol.
The mutant YDL Pol was expressed and purified from bacu-
lovirus-infected Sf9 cells and examined for exonuclease activ-
ity. Although the wild-type Pol exhibited 3�-to-5� exonuclease
activity, demonstrated by degradation of a labeled single-
stranded oligonucleotide primer (Fig. 3A, ladder in lane 2),
both the YD12 and YDL Pols were not able to degrade the
5�-labeled DNA (Fig. 3A, lanes 3 and 4). The control exonu-
clease-proficient (exo�) KF of Pol I exhibited exonuclease
activity (Fig. 3A, lane 5), whereas exo� KF failed to create the
ladder bands (Fig. 3A, lane 6), as expected. YD12 Pol, YDL
Pol, and exo� KF were also unable to degrade p/t’s containing
either a C � G match or C � T mismatch primer terminus (Fig.
3A, lanes 8, 9, 11, 13, 14, and 16), whereas the wild-type Pol
and exo� KF were able to degrade these primers (Fig. 3A,
lanes 7, 10, 12, and 15). These results demonstrated that the
YDL Pol does not exhibit exonuclease activity.

Triple mutant YDL Pol exhibited no meaningful difference
of polymerase activity. The modest effects of YD12 and YDL
Pols on DNA synthesis in infected cells suggest that these
mutations may not significantly affect the polymerase activity.
We then applied the primer extension assay to examine the
ability of these Pols to incorporate dNTPs from matched
primer termini (Fig. 3B). All three HSV-1 Pols were able to
incorporate dNTPs efficiently for the p/t’s containing A � T,
T � A, and C � G matched primer termini (�80% of the prim-
ers were extended [Fig. 3D]). However, only about 50% of
primers were extended by these enzymes when the p/t con-
tained a G � C matched primer terminus (Fig. 3B and D). In
these experiments, we also examined the L774F mutant Pol
(B5), which had been previously demonstrated to be exo� (26).
Results demonstrated that L774F mutant Pol exhibited an
extension efficiency similar to those of wild-type, YD12, and
YDL Pols. Therefore, both YD12 and YDL Pols do not exhibit
any meaningful difference in polymerase activity on extension
from matched primer termini.

Triple mutant YDL Pol failed to polymerize the last nucle-
otide. The primer extension assays revealed that the YDL Pol
exhibited a nucleotide incorporation pattern distinct from
those of the wild-type and YD12 Pols. For example, during the
incorporation reaction from the G � C matched primer termi-
nus, YDL Pol exhibited extension termination more frequently
at positions P � 2 and P � 4 than did wild-type and YD12 Pols
(Fig. 3B, compare lane 4 to lanes 2 and 3). YDL Pol was also
unable to incorporate the final nucleotide into the elongating
strand, whereas both wild-type and YD12 Pols incorporated
the final nucleotide (Fig. 3B, compare lane 4 [0.4% incorpo-
ration of P � 17] to lanes 2 [15%] and 3 [20%]). The lack of
final nucleotide incorporation was also observed for the L774F
Pol (Fig. 3B, lane 5), similar to previous results (26). The
inability of YDL and L774F Pols to insert the last nucleotide
was also detected on p/t pairs containing the three other
matched primer termini (data not shown), even though overall
dNTP incorporations from matched primer termini by these
Pols were similar (Fig. 3D).

Mismatch extension by YDL Pol was reduced compared to
that by YD12 Pol. The ability of the exo� YDL Pol to replicate
less mutations than YD12 Pol suggested that the L774F mu-
tation in the background of YD12 Pol may have altered poly-

merase activity to extend from mismatched primer termini to
achieve the higher fidelity. This hypothesis is based on previous
studies demonstrating that the HSV-1 Pol exhibits poor exten-
sion from mismatched primer termini even though it possesses
exonuclease proofreading activity (1, 25, 26) and that the
L774F mutant Pol exhibits poor extension from mismatched
primer termini compared with that exhibited by the wild-type
Pol (1, 25, 26). In this study, we examined whether the L774F
mutation in the YD12 Pol background altered extension effi-
ciency from any of the 12 mismatched primer termini. Similar
to earlier studies (1, 25, 26) the wild-type Pol and the exo�

YD12 Pol exhibited dramatically reduced extension from mis-
matched primer termini in a mismatch-dependent manner
(Fig. 3D). The wild-type and YD12 Pols exhibited extension
from a G � T mismatched primer terminus with an efficiency
similar to that from a G � C matched primer terminus. Inter-
estingly, both the L774F and YDL Pols had significantly re-
duced G � T mismatch extension efficiencies compared to the
wild-type or YD12 Pols. Furthermore, extension of the G � T
mismatched p/t by L774F and YDL Pol was limited to the first
few nucleotides, whereas the wild-type and YD12 Pols exhib-
ited final nucleotide incorporation, although considerable ter-
mination sites at P � 1 and P � 2 were observed (Fig. 3D,
compare lanes 19 and 20 with lanes 17 and 18). Similar trends
were also observed for other mismatched p/t extension reac-
tions; both L774F and YDL Pols had limited extension effi-
ciencies, extending only a few bases, whereas the wild-type and
YD12 Pols displayed final nucleotide incorporation, albeit with
reduced efficiency compared to extension from matched
primer termini. Figure 3D summarizes the relative mismatched
extension activities of these four Pols and demonstrates that
the L774F mutation further impairs the polymerase activity of
YD12 Pol in mismatch extension reactions.

Recombinant Pols with L774F mutation are resistant to
PAA. The recombinant YD12 Pol exhibited resistance to PAA
(20). We thought to examine whether the L774F mutant Pol
and the L774F mutation in the context of YD12 Pol also
exhibit altered drug sensitivity. Using activated salmon sperm
DNA as substrates in standard gap-filling reactions, we dem-
onstrated that while the polymerase activity of wild-type Pol
was inhibited by PAA, with an effective dose inhibiting 50% of
activity at 	35 �g/ml, all three Pol mutants (YD12, YDL, and
L774F Pol) were resistant to PAA, with an effective dose in-
hibiting 50% of activity at �150 �g/ml. The KF of E. coli Pol
I also was included in these experiments to demonstrate its
resistance to PAA. Therefore, mutant Pols containing the
L774F mutation were resistant to PAA (Fig. 2D), suggesting
that the L774F mutation in the context of the wild-type or
YD12 mutant Pol may alter the enzyme conformation.

Sequence context effect on Pol’s activity. The primer exten-
sion assays further revealed interesting nucleotide incorpora-
tion patterns by these Pols; all Pols, including the wild-type Pol,
exhibited several bands with stronger intensity that mimic the
locations at which the polymerase may dissociate from the p/t.
For example, during the extension from the p/t containing a
G � C matched primer terminus, the Pol terminated most fre-
quently at the penultimate position of the template, and it also
had more frequent pauses at the positions surrounding the G
and C template bases (i.e., P � 2, P � 4) than at the other
positions (Fig. 3B). Interestingly, the KF Pol I did not poly-
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merize the reaction with a similar pattern of pauses (data not
shown). Furthermore, the unique pattern of pauses mediated
by HSV-1 Pol was observed in the reactions using p/t contain-
ing all four matched primer termini. These observations sug-

gest that HSV-1 Pol may dissociate from the p/t much more
easily when it encounters the incorporations of dGMP or
dCMP than when it encounters those of dAMP or dTMP. To
test this hypothesis, we performed primer extension assays

FIG. 3. (A) Exonuclease activity of wild-type and mutant Pol enzymes. Lanes 2 to 6, a single-stranded 5�-32P-labeled 17-mer oligonucleotide (TK-17C;
5 nM) was incubated with 10 nM of the polymerase in the absence of dNTPs in a total reaction volume of 10 �l; lanes 7 to 16: the labeled 17-mer
oligonucleotide was annealed to a 34-mer oligonucleotide (34X) to form C � G matched (lanes 7 to 11) and C � T mismatched (lanes 12 to 16) p/t. The
underlined X residue indicates inclusion of either a G base for the matched p/t or a T base for the mismatched p/t. The p/t (5 nM) was then incubated
with 10 nM of the indicated polymerase in the absence of dNTPs, and the reaction mixtures were subjected to 15% denaturing polyacrylamide gel
electrophoresis analysis. The formation of a shorter ladder of bands demonstrates exonuclease activity. Lane 1, labeled 17-mer oligonucleotide alone (P);
lanes 2, 7, and 12, wild-type Pol; lanes 3, 8, and 13, YD12 Pol; lanes 4, 9, and 14, YDL Pol; lanes 5, 10, and 15, exo� KF; lanes 5, 11, and 16, exo� KF.
P � 1, P � 2, etc., indicate the exonucleolytic products due to the removal of 1 base from the primer, 2 bases from the primer, etc. (B) Polymerase activity
of wild-type and mutant Pol enzymes. The p/t (TK-17G/34N) was prepared by annealing a 5�-32P-labeled 17-mer oligonucleotide to a 34-mer template
to form either a matched or mismatched primer terminus, as shown at the top. The underlined N residue indicates the inclusion of any of the 4 nucleotides
to create either a matched or mismatched p/t; the p/t bases at these positions are indicated above the lane numbers. The p/t (5 nM) was then incubated
with 10 nM of the indicated Pol enzyme in the presence of 100 �M each of four dNTPs, and reaction mixtures were subjected to 15% denaturing
polyacrylamide gel electrophoresis analysis. PhosphorImager analysis was used to determined integrated band intensities. Lanes 1, 6, 11, and 16, p/t alone;
lanes 2, 7, 12, and 17, wild-type Pol; lanes 3, 8, 13, and 18, YD12 Pol; lanes 4, 9, 14, and 19, YDL Pol; and lanes 5, 10, 15, and 20, L774F Pol. Relative
band intensities are indicated next to specific bands (and bases) of interest. P, primer. P � 1, P � 2, etc., the products of insertion of 1 nucleotide, 2
nucleotides, etc. (C) Effect of sequence context on polymerization reactions. The sequences of p/t (TK-17G/34G-3A) used in the reactions are shown on
the top. The polymerase reaction was performed as described above. The relative efficiency of primer extension was determined as described above.
Relative band intensities are indicated next to specific bands (and bases) of interest. Lane 1, wild-type Pol; lane 2, YD12 Pol; lane 3, YDL Pol; lane 4,
L774F Pol (B5). (D) Extension efficiency (%) of wild-type and mutant Pol enzymes. Comparison of polymerase activity results generated from p/t pairs
containing all possible combinations of matched and mismatched primer termini. The p/t bases are indicated along the x axis. The extension efficiency
(%) was calculated as the ratio of the sum of the extension product band intensities to unextended primer band intensity, R � 
IP � 1/
IP.
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using a different template strand 34G-3A, which contains the
same nucleotide contents of the 34G template, but the CGG
GAAAT bases immediately after the base complementary to
the primer terminus were replaced with the AAATCGGG
sequence. As expected, these Pols polymerized the reactions
with a different termination pattern; the stronger pauses were
found at positions surrounding to the G � C and C � G base
pairs, which were located at positions P � 6, P � 7, and P �
8 (Fig. 3C), as well as those near the end of the p/t. Further-
more, these Pols exhibited higher efficiencies (	85%, com-
pared with 50% of the activity with the p/t of the 34G tem-
plate) of nucleotide incorporations from this p/t. Although
both p/t’s contain the same primer terminus, it appears that the
extension initiating from the incorporation of dTMP is more
efficient than that starting with the insertion of dGMP. This
suggests that the incorporation of dGMP is the limiting factor
of the polymerization reaction, when the reaction is initiated
from the primer terminus of dGMP:C. However, we cannot
rule out the possibility that the Pol may stall at the positions
encountering the G � C and/or C � G base pair. Further studies
will be necessary to address whether the Pol fails to extend or
dissociates from p/t during the incorporation of dGMP and/or
dCMP.

DISCUSSION

Implications of this study on the structure and activity of
HSV-1 Pol. Although the L774 residue of HSV-1 Pol does not
directly interact with incoming dNTPs based on the structural
study (7), the L774F mutation may indirectly affect the con-
formation change of the polymerase active site upon its inter-
action with dNTPs and/or during the catalytic step. The data
demonstrating that the L774F mutation impairs the activity of
both wild-type and YD12 Pols to extend from mismatched
primer termini in a mismatch-dependent manner (Fig. 3C) and
that these mutant Pols are less sensitive to PAA (Fig. 2D)
support this notion. Perhaps, the effect of the L774F mutation
on the conformation of the polymerase active site is more
restricted to binding and/or catalysis of certain bases from
mismatched primer termini. Examination of presteady kinetics
and structural studies of these Pols will be necessary to address
these questions.

The observed asymmetry in the incorporation ability of
G � C and C � G and the extension ability from G � C and
C � G primer termini mediated by these Pols (Fig. 3D) may
suggest that HSV-1 Pol has difficulty in accommodating
guanine in the polymerase active site. However, the ob-
served asymmetry in this study may also be affected by the
composition of duplex DNA present in the polymerase ac-
tive site; it is possible that sequence context of p/t may affect
the efficiencies of nucleotide incorporations and extensions.
Indeed, evidence that HSV-1 Pol exhibited different exten-
sion efficiency levels on two p/t’s containing different se-
quence contexts (Fig. 2, compare panels C and B) and that
HSV-1 Pol does not exhibit asymmetry in the incorporation
ability of G and C on a different p/t used in a different study
(25) supports this notion. Furthermore, the observations
that HSV-1 Pol exhibited stronger terminations surrounding
the G and C bases on different p/t’s also suggest that HSV-1
Pol may dissociate from G � C sites more frequently (Fig. 3B

and C). Along this line, it is well documented that sequence
context can affect the fidelity of DNA replication. Given that
the HSV genome is G � C rich, it can be expected that
HSV-1 Pol will frequently dissociate from p/t’s during the
polymerization reactions. It will be interesting to explore
whether this property will lead to more mutations and/or
produce more substrates for subsequent recombination/re-
pair events. Therefore, the in vitro studies to examine the
mutation spectra will be helpful to delineate the underlined
mechanisms. It is also noteworthy that this study examines
only the Pol catalytic subunit in the absence of the proces-
sivity factor. Further in vitro studies are necessary to define
whether the processivity factor has any effect on the pausing
pattern and/or the extension efficiency. Furthermore, re-
combinant viruses may be constructed to harbor the appro-
priate mutagenesis target gene for future studies to examine
the mutation spectra mediated by these Pols. These future
studies may correlate the mutagenic outcomes to the im-
pairment of Pol’s activities and reveal possible mechanisms
affecting DNA replication fidelity.

Evolution, selection, and survival of the HSV-1 mutant. A
DNA polymerase with intrinsic exonucleolytic proofreading
can have 10- to 100-fold higher DNA replication fidelity than
a polymerase that lacks proofreading activity (22). The HSV-1
YD12 exo� Pol is highly mutagenic (14, 15). Thus, the emer-
gence of additional mutations, including those in pol, forming
heterogeneous populations of progeny viruses is not surprising
(13; our unpublished data). More importantly, the rapid emer-
gence of the L774F mutation during the second viral passage
and its outgrowing the parental YD12 mutant prior to the fifth
passage (18) suggest that the L774F mutation in the back-
ground of the highly mutagenic YD12 Pol is beneficial for viral
DNA replication and, hence, the growth of the virus. Indeed,
addition of the L774F mutation to the exo� YD12 Pol allowed
the virus to replicate more viral DNA and, hence, progeny
virus sooner after infection, continuing through peak infection,
albeit with less efficiency than the wild-type Pol (Fig. 2). It is
reasonable to assume that the improved DNA replication and
virus growth of YDL Pol are attributable to the L774F muta-
tion, since the L774F Pol also replicates DNA with increased
fidelity compared to the wild-type Pol (18). This, however,
raises an interesting question of why HSV-1 does not evolve to
contain L774F Pol. It is possible that the impairment of poly-
merase activity of L774F Pol, including the reduced ability to
extend the last nucleotide incorporation (18) (Fig. 3B), may be
disadvantageous to DNA replication, such as the synthesis of
more breaks and damages in DNA, and to virus growth and
evolution as well. It will be interesting to examine whether a
recombinant virus expressing the L774F mutant Pol replicates
with an altered amount and quality of DNA, compared to
those expressed by the wild-type virus. Nevertheless, the study
demonstrated that the rapid emergence of genetic diversity of
HSV-1 due to the exonuclease deficiency of mutant Pol can be
an ideal model for examining how mutant viruses evolve and
respond to selective pressure. Furthermore, the mutant YD12
virus and another exo� mutant Y7 virus (14) can be used to
isolate a variety of mutant viruses for further characterization
of the gene of interest.
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