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The processivity subunit of the herpes simplex virus DNA polymerase, UL42, is essential for viral replication
and possesses both Pol- and DNA-binding activities. Previous studies demonstrated that the substitution of
alanine for each of four arginine residues, which reside on the positively charged surface of UL42, resulted in
decreased DNA binding affinity and a decreased ability to synthesize long-chain DNA by the polymerase. In this
study, the effects of each substitution on the production of viral progeny, viral DNA replication, and DNA
replication fidelity were examined. Each substitution mutant was able to complement the replication of a UL42
null mutant in transient complementation assays and to support the replication of plasmid DNA containing
herpes simplex virus type 1 (HSV-1) origin sequences in transient DNA replication assays. Mutant viruses
containing each substitution and a lacZ insertion in a nonessential region of the genome were constructed and
characterized. In single-cycle growth assays, the mutants produced significantly less progeny virus than the
control virus containing wild-type UL42. Real-time PCR assays revealed that these UL42 mutants synthesized
less viral DNA during the early phase of infection. Interestingly, during the late phase of infection, the mutant
viruses synthesized larger amounts of viral DNA than the control virus. The frequencies of mutations of the
virus-borne lacZ gene increased significantly in the substitution mutants compared to those observed for the
control virus. These results demonstrate that the reduced DNA binding of UL42 is associated with significant
effects on virus yields, viral DNA replication, and replication fidelity. Thus, a processivity factor can influence
replication fidelity in mammalian cells.

DNA polymerases frequently rely upon processivity factors.
The best understood processivity factors, the “sliding clamps,”
tether their corresponding catalytic subunits (Pols) to the
DNA template to promote efficient DNA synthesis. Examples
of sliding clamps include proliferating cell nuclear antigen
(PCNA) (18), the processivity factor for several eukaryotic
DNA polymerases, and gp45 (22), the clamp subunit of the
bacteriophage T4 replisome. These sliding clamps are similar
in both structure and activity, in which a trimer or dimer of the
sliding clamp protein forms a ring to encircle the DNA. ATP-
dependent clamp loader proteins are required for the associ-
ation of sliding clamps with DNA to facilitate processive DNA
synthesis (reviewed in reference 11).

HSV DNA polymerase consists of a heterodimer with a
catalytic subunit Pol and an accessory subunit, UL42. UL42
functions as a processivity factor for the synthesis of long-chain
DNA in vitro and, like Pol, is essential for viral replication (10,
20, 27, 28). Distinct from other sliding clamps, UL42 interacts
with DNA directly, with high affinity as a monomer (29). UL42
increases the binding affinity of the polymerase to the primer/

template 10- to 20-fold (9, 37), due primarily to a decrease in
the dissociation rate (9). Insertion of four amino acids at res-
idue 203 or 206 of UL42 abolished DNA binding without
affecting binding to Pol, and each insertion mutant lost the
ability to stimulate long-chain DNA synthesis (6). Further-
more, these insertion mutations failed to support the replica-
tion of a UL42 null mutant in Vero cells in a transient comple-
mentation assay. The results suggested that the DNA binding
activity of UL42 is essential for the processive DNA synthesis
by the Pol and that the failure of the UL42 mutants to bind to
DNA is lethal for viral replication.

Processivity factors have also been shown to influence the
fidelity of DNA replication. Mutations affecting PCNA can
lead to elevated mutation rates in Saccharomyces cerevisiae (5,
7). In vitro studies have demonstrated that the addition of
PCNA can increase misincorporation errors by mammalian
Pol � on defined primer/templates (24) and reduce the rate of
deletion mutations during the synthesis of repeated sequences
by yeast Pol � (8). T4 gp45 also can influence replication
fidelity in vitro (2, 3). UL42 can increase DNA replication
fidelity in vitro, most likely by decreasing the dissociation of
polymerase from the primer/template (4). However, we are
unaware of any study demonstrating the influence of a proces-
sivity factor on replication fidelity in mammalian cells.

Recently, we showed that substitutions of alanine for each of
four conserved arginine residues (113, 182, 279, and 280),
which reside on the positively charged surface of UL42, led to
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reduced DNA binding and a corresponding decreased ability
to stimulate long-chain DNA synthesis without affecting bind-
ing to Pol (31). This correlation further supports the model in
which the binding of UL42 to DNA is important for the pro-
cessivity of HSV DNA polymerase. Combining the four sub-
stitutions reduced, but did not abolish, the ability to comple-
ment the replication of a UL42 null mutant in Vero cells (31).

In order to address the effect of the binding of UL42 to
DNA on viral replication and replication fidelity, we tested the
effects of each of the four arginine-to-alanine substitutions for
complementation of the replication of a UL42 null mutant. We
also constructed and characterized recombinant viruses har-
boring each of the substitutions. Although none of the muta-
tions abolished viral replication or DNA synthesis, they did
affect these processes. Moreover, they exerted substantial ef-
fects on the fidelity of DNA replication.

MATERIALS AND METHODS

Cells and viruses. Vero cells (obtained from the American Type Culture
Collection) and their derivative strain, V42.3, which was constructed as described
below, were maintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 5% newborn calf serum. HSV-1 strains 17 syn� (a generous gift
from D. Parris) and KOS and recombinant viruses containing UL42 point mu-
tations (see below) were propagated on Vero cells. The UL42 null mutant virus,
Cgal�42 (a generous gift from P. Johnson and D. Parris) (17), which contains an
inserted lacZ gene in a nonessential region of the Us region and a partial
deletion of sequences from the UL42 gene, was propagated on V42.3 cells.

Plasmids. To construct UL42-expressing cell lines, the plasmid pBE-5.1 (Fig.
1) was constructed to contain the 5.1-kbp BamHI-EcoRI fragment of HSV-1
(isolated from DNA prepared from KOS-infected Vero cells), which includes the

entire UL42 and UL43 genes and partial sequences of UL41 and UL44, and was
inserted into the cloning vector pGEM7Zf(�). The following plasmids were
constructed for transient complementation and oriS-dependent DNA replication
assays and for construction of recombinant viruses. Plasmid pHC700 (Fig. 1) was
constructed by deleting a 1.1-kbp SacII fragment, which contains partial se-
quences of UL43 and UL44 genes, from pBE-5.1. This deletion also removed a
PstI site. Plasmids pHC-R113A, pHC-R182A, pHC-R279A, and pHC-R280A
were constructed by replacing the 737-bp PstI fragment of pHC700 with the
corresponding fragment derived from pMal-PP-UL42�340 containing mutations
R113A, R182A, R279A, and R280A, respectively (41). Each plasmid was se-
quenced to confirm the expected mutation.

For transient oriS-dependent DNA replication assays, plasmid pHOS9.2 was
constructed by substituting the kanamycin resistance gene for the ampicillin
resistance gene of pHOS1, which also contains the oriS sequences of HSV-1, the
ColE1 sequences for propagation in Escherichia coli, and the supF gene (12).
pHOS9.2 also contains the EGFP gene, inserted under the control of the simian
virus 40 promoter/enhancer.

Construction of cell lines and recombinant viruses. Approximately 5 � 105

Vero cells were preseeded into a 60-mm2 dish, incubated overnight, and cotrans-
fected with 2 �g of pBE-5.1 and 0.2 �g of pSV2-neo using LipofectAmine 2000
transfection reagent according to the manufacturer’s protocol. Forty-eight hours
after transfection, cells were placed under selection conditions by adding 400
�g/ml of G418. More than 200 foci formed after 2 weeks of G418 selection, and
12 foci were randomly isolated and expanded. Ten of twelve G418-resistant lines
were able to support the growth of the UL42 null mutant, Cgal�42, and one in
particular, V42.3, was used for the study. A Southern blotting hybridization
experiment demonstrated the presence of integrated UL42 sequences in this cell
line (data not shown).

To construct recombinant viruses harboring either the wild-type or the mutant
UL42 gene, approximately 5 � 105 V42.3 cells were plated on a 60-mm2 dish,
incubated overnight, and transfected with 2 �g of the relevant pHC plasmid
DNA using LipofectAmine 2000 reagent. Twenty-four hours later, the trans-
fected cells were infected with 1,000 PFU of Cgal�42 and incubated for an
additional 3 to 4 days or until 75% of cells showed cytopathic effect. Progeny

FIG. 1. Map of UL42 plasmids and viruses. The top line shows the genomic structure of HSV-1. The relative locations of UL42 and its flanking
sequences are enlarged and the region of sequences cloned and modified in plasmids (1 and 2) and recombinant viruses (3 and 4) are shown (1).
pEB5.1 contains a 5.1-kbp BamHI-EcoRI DNA fragment of HSV-1 strain KOS, which includes UL42 and UL43 and partial UL41 and UL44
sequences, inserted into pGEM7zf(�) (2). pHC700 was constructed from pEB5.1 by deleting a 1.1-kbp SacII fragment (3). Recombinant virus
Cgal�42, derived from HSV-1 strain syn�, contains an inserted lacZ gene between Us9 and Us10 and a deletion of 1,258 bp from within UL42.
(4). UL42 recombinants were constructed from Cgal�42 using pHC to introduce the corresponding UL42 mutation. The probe used for Southern
blotting is shown at the bottom of the figure. The open boxes above the line represent the open reading frame of UL42. Dotted lines represent
deleted regions. Oligonucleotides 42-1 and 42-3 were used to amplify and label the DNA fragment. B, BamHI; Bs, BstEII; E, EcoRI; M, MluI;
P, PstI; S, SacII.
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viruses harvested from the transfection/superinfection procedure were plated on
Vero cells to isolate individual plaques, which presumably had recombined with
the UL42 sequences, either from the transfected clone or from the endogenous
copy within the cells. Two independent transfection experiments were performed
for the wild-type UL42 plasmid, pHC700, and each of the four mutants (pHC-
R113A, etc.) to obtain independent recombinants, designated A and B. Individ-
ual plaques were amplified on Vero cells. Total DNA was isolated from the
infected cells and subjected to PCR to amplify the UL42 sequences. Oligonu-
cleotide primers UL42-1 and UL42-4, which correspond to sequences immedi-
ately upstream and downstream, respectively, of the UL42 open reading frame,
were used. PCR products then were subjected to restriction enzyme digestion to
identify the gain or loss of the appropriate restriction site corresponding to the
altered nucleotide(s) for each arginine-to-alanine substitution. PCR products
were sequenced to confirm that the expected mutation(s) was the sole change
occurring in each recombinant. Southern blot hybridization using a NEBlot
Phototope-labeled probe and a chemiluminescent detection kit (New England
Biolabs) was performed to verify restoration of the full-length UL42 gene and
flanking regions and the homogeneity of the recombinant.

Complementation and transient DNA replication assays. Complementation
assays were performed as described previously (6, 31). Briefly, each pHC plasmid
was transfected into Vero cells, which subsequently were infected with the
Cgal�42 virus at a multiplicity of infection (MOI) of 1. The titer for progeny virus
was determined using V42.3 cells as well as Vero cells to check for recombinants.
The titer for Vero cells was at least 10,000-fold less than the titer obtained from
V42.3 cells. The percentage of complementation of mutant plasmid was calcu-
lated as [(titer for V42.3 � titer for Vero)mutant/(titer for V42.3 � titer for
Vero)wild type] � 100%.

Transient oriS-dependent DNA replication assays were performed using Vero
cells. Briefly, cells were cotransfected with 1 �g of each UL42 plasmid together
with 1 �g of pHOS9.2, which contains oriS sequences that direct DNA replica-
tion. Twenty-four hours after transfection, cells were infected with Cgal�42 at an
MOI of 1 and incubated overnight. Total infected cell DNA was isolated and
purified. One-third of the DNA was restriction digested with EcoRI, which
linearizes pHOS9.2 DNA; another one-third of DNA was treated with EcoRI
plus DpnI, which digests DNA originating from E. coli into small fragments to
distinguish the input DNA from that replicated in mammalian cells. Enzyme-
treated DNA was then fractionated on a 0.8% agarose gel, transferred onto a
nylon membrane, and probed with a 32P-labeled DNA fragment corresponding
to E. coli ColE1 sequences. The result was analyzed using a PhosphorImager
(Molecular Dynamics).

Measurements of single-cycle replication kinetics, burst size, and plaque size
and quantification of viral DNA. To measure single-cycle replication kinetics and
burst sizes, Vero cells (1 � 105) were infected with each virus at an MOI of 3. In
three different experiments, virus yields at 48 and 72 h after infection were less
than those obtained at 24 h after infection (data not shown). Therefore, it was
assumed that virus yields peaked between 24 and 48 h. The infected cells were
harvested at 2, 5, 8, 12, 24, and 36 h postinfection, and the yield of progeny was
titrated with Vero cells. The burst size was determined as the ratio of the peak
titer of progeny/number of cells. Plaque sizes were measured by digital imaging
using a Spot digital camera and the accompanying software (Nikon).

To prepare DNA for real-time PCR quantification, infected cells and the
medium containing cell-free virus were freeze-thawed three times, followed by
incubation with 0.6% sodium dodecyl sulfate and 10 �g/ml protease K at 56°C for
2 h and purified by phenol-chloroform extractions. The amount of viral DNA was
determined via real-time PCR using a QuantiTect SYBR Green PCR kit
(QIAGEN). Oligonucleotide primers used for PCRs were DBP-3261 and DBP-
3315, corresponding to nucleotides 61,522 to 61,541 and 61,595 to 61,576, re-
spectively, of HSV-1 (21). PCR amplification included initial denaturation at
95°C for 15 min, followed by 36 cycles of 94°C for 15 seconds, 58°C for 20
seconds, and 72°C for 20 seconds. Each PCR assay contained a negative control
and a series of pUL29-OriL DNA dilutions (1 � 101 to 1 � 106 copies per �l)
(14), which can be amplified efficiently, to generate the standard curve. Valid
PCRs had an r2 value of 0.993 or 0.992 and a slope of �3.386 or �3.387,
respectively. The PCR efficiency was 97%.

lacZ mutagenesis. Each virus stock was prepared by inoculating 100 PFU onto
2 � 105 Vero cells. Progeny virus was harvested at 4 days postinfection and, after
the titer was determined, was assayed for mutagenesis of the lacZ gene, as
described previously (13, 14). Briefly, Vero cells plated on 10-cm2 culture dishes
were infected with virus at a density of �1,200 plaques/plate. One hour after
inoculation, the cell monolayer was washed with DMEM and overlaid with
0.75% methylcellulose containing DMEM/2% newborn calf serum. Forty-eight
hours after infection, cells were washed, fixed, and stained with X-Gal (5-bromo-
4-chloro-3-indolyl-�-D-galactopyranoside), using the �-galactosidase reporter

gene staining kit (Sigma) according to the manufacturer’s protocol. Clear or
light-blue plaques were identified by using an inverted microscope, and the
mutation frequency was determined as the ratio of the number of clear plaques
plus the number of light-blue plaques over the sum of the total number of
plaques. A chi-square test was used to calculate the statistical significance of the
differences in mutation frequencies.

RESULTS

Previous studies suggested that UL42 tethers Pol to DNA
and mediates the processivity of Pol during DNA synthesis (6,
10, 28, 30, 41). This mechanism is further supported by a recent
in vitro study showing that the substitution of arginine residues
on the positively charged surface of UL42 with alanine leads to
decreased DNA binding and that these reductions correlated
with a reduced ability to synthesize long-chain DNA (31). We
wished to assess the effects of these substitutions on viral yield
and DNA replication in virus-infected cells and to investigate
whether alterations in UL42 would affect the fidelity of DNA
replication. As we had previously found that a quadruple sub-
stitution of arginine residues in UL42 would still permit some
complementation of a UL42 null mutant (31), we anticipated
that single substitutions would cause less impairment and not
be lethal when incorporated into virus. In the present study, we
assessed the effects of single substitutions in transient DNA
replication assays and for complementation of a UL42 null
mutant with Vero cells. Recombinant viruses were then con-
structed to characterize the effects of the mutations on viral
replication and fidelity.

The mutants permitted DNA replication and complementa-
tion in transient assays. As an initial test of the effects of each
arginine-to-alanine substitution, we performed both transient
DNA replication and complementation assays. For these as-
says, we constructed pHC700, which contains UL42 and its
flanking sequences, including regions of the UL41 and UL43
genes. Each substitution mutation was then transferred from
pMal-pp�340-based E. coli expression plasmids (31, 41) into
pHC700 (Fig. 1) to obtain pHC-R113A, pHC-R182A, pHC-
R279A, and pHC-R280A, which contain the arginine-to-ala-
nine substitution at residues 113, 182, 279, and 280, respec-
tively. Transient DNA replication assays were performed by
cotransfecting each pHC plasmid with pHOS9.2, which con-
tains HSV-1 oriS sequences, and by infecting the transfected
cells with the UL42 null mutant virus, Cgal�42. Like the con-
trol plasmid pHC700, which encodes wild-type UL42, each
plasmid containing the UL42 mutation permitted DNA repli-
cation of the pHOS9.2 plasmid in Vero cells induced by
Cgal�42, while Cgal�42 alone failed to induce the replication
of pHOS9.2 (Table 1). Examples of the Southern blots are
shown in Fig. 2. These results demonstrated that these UL42
substitutions permitted replication of pHOS9.2 by the UL42
null mutant. Thus, these UL42 substitutions were functionally
able to support the replication of a plasmid containing oriS in
transfection-infected Vero cells.

The effects of the plasmid-borne substitution mutations on
virus replication were examined using a transient complemen-
tation assay. In this assay, V42.3 cells were used to measure the
yield of Cgal�42 progeny propagated with Vero cells upon the
transfection of the UL42 mutant DNA and subsequent infec-
tion with Cgal�42. At least two independent experiments were
analyzed for each UL42 mutant in parallel with wild-type
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UL42. These mutants were able to support the replication of
Cgal�42 virus in Vero cells (Table 1). These results are in
agreement with those of the oriS-dependent transient DNA
replication and further demonstrate that these UL42 substitu-
tions are competent in supporting transient virus replication
assay.

Construction of viable recombinant viruses with UL42 sub-
stitutions. The transient oriS-dependent DNA replication and
complementation assays described above demonstrated that
plasmid constructs with these substitutions were competent in
supporting virus replication. Therefore, we constructed recom-
binant viruses for further characterization of the effects of
these mutations on viral and DNA replication in infected cells.
Two recombinant viruses of each mutation were constructed in
two independent transfection experiments. After two to three
rounds of plaque purification, each recombinant virus was am-
plified with Vero cells to prepare viral stocks. DNA was pre-

pared and purified from infected cells and used for Southern
blotting analysis. Southern blotting results demonstrated the
relative size of the BstEII restriction fragment containing
UL42 and the flanking sequences (data not shown). Southern
blotting also demonstrated the homogeneity of each recombi-
nant virus (not shown). In addition, the UL42 gene was PCR
amplified using oligonucleotide primers 42-1 and 42-4, corre-
sponding to nucleotides 93,076 to 93,094 and 94,622 to 94,601,
respectively, of the viral genome (21). Sequencing analyses
confirmed that the only mutated bases within this segment in
each recombinant corresponded to the engineered arginine-to-
alanine substitution. Obtaining these recombinant viruses fur-
ther demonstrated that these UL42 base mutations, associated
with reduced DNA binding and a decreased ability to synthe-
size long-chain DNA, were not lethal. Moreover, the UL42
mutants formed similar sized plaques, as did the recombinants
containing wild-type UL42 (data not shown).

Effects of the mutations on virus yield. Each recombinant
virus was examined for single-cycle replication kinetics. The
UL42 null mutant Cgal�42 did not produce any detectable
progeny virus in Vero cells. Results from four different exper-
iments demonstrated that the mutant viruses exhibited signif-
icant decreases in virus yields (Student’s t test, P, 	0.05) com-
pared with the that of the control virus containing wild-type
UL42 (Fig. 3 and Table 2). The C-R113A and C-R182A re-
combinants produced twofold lower yields, and the C-R279A
and C-R280A recombinants produced fivefold lower yields.
Therefore, these UL42 mutants exhibited modest defects in
virus replication.

The mutants exhibit altered kinetics of viral DNA synthesis.
Since UL42 is a processivity factor critical for viral DNA synthe-
sis, we wished to determine whether these mutations could affect
the levels of DNA synthesized at various times during viral infec-

TABLE 1. Complementation of Cgal�42 and transient oriS-dependent
DNA replication on Vero cells by UL42 in trans

Plasmid Mutation Complementationa oris-dependent
DNA replicationb

pHC700 Wild type � �
pHC-R113A R113A � �
pHC-R182A R182A � �
pHC-R279A R279A � �
pHC-R280A R280A � �
No DNA � �

a Three independent experiments were performed for the complementation
assays as described in Materials and Methods.

b The oris-dependent DNA replication assay was performed as described in
Materials and Methods. At least two independent experiments were performed
for each mutant plasmid, using different batches of DNA for each plasmid.
Examples of Southern blots are shown in Fig. 2.

FIG. 2. Southern blots of transient DNA replication supported by UL42 mutant. The transient DNA replication of the oriS-containing plasmid
(pHOS9.2) supported by the UL42 mutants was performed as described in Materials and Methods. Aliquots of purified DNA samples were
digested with either EcoRII alone or with EcoRII plus DpnII, fractionated on a 0.8% agarose gel, and hybridized to a probe corresponding to the
ColE1 sequence. (A) Results shown from the wild-type UL42 control (lanes 1 and 2) and the mutation R279A (lanes 3 and 4). (B) Results are
shown of no UL42 DNA (lanes 1 and 2) and those of each mutant as well as the linearized pHOS1 (lane 11). The positions of linearized pHOS9.2
(bottom arrows) and pHC plasmids (top arrows) are indicated.
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tion. Vero cells were infected with recombinant virus at an MOI
of 3, and an aliquot of DNA prepared from total infected cells
including cell-free virus was purified. Isolated DNA was then
subjected to real-time PCR quantification using 200 bp of ICP8
sequences as the target DNA. Each experiment also included
reactions to quantify control DNA to establish the standard curve
for calculating the relative copy number of DNA present in each
sample. The sensitivity of these assays was demonstrated to be
between 1 and 10 copies of target DNA.

No increases of viral DNA were detected in Vero cells in-
fected with the Cgal�42 mutant (Fig. 4). In cells infected with
recombinant viruses with wild-type UL42, viral DNA measur-
ably increased between 2 and 5 h and continued to increase
between 5 and 8 h after infection (Fig. 4). Interestingly, viral
DNA increased only slightly, if at all, in cells infected with each
of the four UL42 mutants between 2 and 5 h after infection,
although increases of viral DNA became obvious between 5

and 8 h after infection. Furthermore, all four mutants synthe-
sized less DNA compared to that of recombinants with wild-
type UL42 at 8 h after infection (Fig. 4). Interestingly, the
UL42 mutants replicated more viral DNA than the viruses with
wild-type UL42 during the late phase of infection. Significant
increases were found at 24 and 36 h postinfection (Student’s t
test, P 	 0.05) (Fig. 4), despite the mutants’ production of less
infectious virus at those time points (Fig. 3). Figure 4 shows the
average amounts of DNA detected during the infection from
four different experiments. Thus, the relatively low yields of
infectious virus of the UL42 mutants were accompanied by
reduced DNA synthesis early in infection but increased DNA
synthesis late in infection.

lacZ mutagenesis. To test the hypothesis that UL42 influ-
ences replication fidelity, we took advantage of the inserted
lacZ reporter gene in the Cgal�42 recombinant and its deriv-
atives. The frequency of mutations for lacZ was assayed using
an established protocol (13, 14) in which viral stocks were
prepared by inoculation of 100 PFU of the original virus stock
of each recombinant virus onto Vero cells. This procedure
effectively excludes preexisting mutants from the inocula. Ta-
ble 3 shows the frequency of mutations that reduce lacZ activ-
ity following replication by each UL42 mutant recombinant.
The control recombinant (both independent isolates, A and B)
containing wild-type UL42 exhibited similar mutation frequen-
cies (0.052% and 0.064%, respectively), which were only
slightly higher than those observed in other studies, in which
the lacZ reporter gene was inserted at different loci of the viral
genome of a different HSV-1 strain (13, 14). Each UL42 mu-
tant virus exhibited significantly higher mutation frequencies of
lacZ, ranging from 0.174% to 0.774%, than that of the control
virus. Interestingly, the R113A and R182A mutations, which
caused milder defects in DNA binding by UL42 and in synthe-
sizing long-chain DNA in vitro (31), exhibited higher mutation
frequencies than those of the C-R280A mutant. It should be
noted, however, that both C-R279A recombinants (C-R279A
causes defects in DNA binding similar to those of C-R280A)

FIG. 3. Single-cycle growth assay of UL42 recombinants. Vero cells (1 � 105) were inoculated with UL42 recombinants at an MOI of 3. Infected
cells were harvested at 2, 5, 8, 12, 24, and 36 h postinfection and titrated with Vero cells to determine the yield of progeny viruses. Since
recombinant A and B of each mutant exhibited similar growth kinetics, only results of recombinant A are shown to clearly demonstrate the
difference of virus yields.

TABLE 2. Burst size and genomic DNA copy/PFU of
UL42 recombinants

Virus Burst size (PFU/cell)a DNA copies/PFUb

C700-A 12.5 
 3.0 200 
 100
C700-B 11.5 
 4.2 300 
 80
C-R113A-A 6.0 
 2.0 600 
 100
C-R113A-B 5.3 
 1.5 700 
 200
C-R182A-A 8.2 
 2.1 1000 
 40
C-R182A-B 7.4 
 1.8 1,100 
 400
C-R279A-A 2.6 
 1.9 4,600 
 40
C-R279A-B 2.4 
 1.6 2,700 
 100
C-R280A-A 2.5 
 0.7 3,100 
 400
C-R280A-B 2.6 
 1.1 2,900 
 500
Cgal�42 NDc ND

a Burst size was calculated by the ratio of peak titer (36 h postinfection) over
the number of cells. Data are averages and standard deviations of four experi-
ments.

b DNA copies/PFU and standard deviations were calculated by the ratio of
numbers of DNA copies present in cell-free medium over viral titers at 36 h
postinfection.

c ND, not determined.
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contained a preexisting lacZ mutation(s); the recombinant
C-R279A-A formed only light-blue plaques after X-Gal stain-
ing, and C-R279A-B formed clear plaques. Thus, these recom-
binants could not be assayed and may actually possess higher
mutation frequencies. The lacZ mutagenesis studies demon-
strated that UL42 mutations that decrease DNA binding also
reduce the fidelity of replication of the lacZ gene.

DISCUSSION

Processivity factors of DNA polymerases play critical roles
in replication by preventing the dissociation of polymerase
from the primer/template. Earlier studies demonstrated that
UL42 mutations that decrease DNA binding activity result in
reduced synthesis of long-chain DNA in vitro and complemen-
tation of UL42 null mutants in cells (6, 31). However, the effect
of UL42 mutations that affect DNA binding had not been
characterized following their incorporation into virus. In the
present study, recombinant viruses were constructed to contain
single UL42 mutations that reduced DNA binding synthesis of

long-chain DNA (31). This permitted us to examine the effects
of these mutations of viral and DNA replication and to test the
hypothesis that they would reduce replication fidelity.

Replication phenotype of UL42 mutants. A previous study
showed that each single arginine-to-alanine substitution does
not quantitatively affect the binding of UL42 to the C terminus
of Pol (31) and that a UL42 mutant containing all four argi-
nine-to-alanine mutations retains the ability to support repli-
cation in transient complementation assays (31). Thus, it was
not surprising that each UL42 mutant with a single arginine-
to-alanine substitution was able to support virus replication,
albeit with reduced virus yield. Importantly, although the mu-
tations decreased virus yield only modestly, the mutations that
had the larger effects on DNA binding (R279A and R280A)
had the larger effects on virus yield. As might have been ex-
pected, all of the mutants exhibited less DNA synthesis than
the wild-type UL42 control virus during the early phase of
DNA replication. This result could be due to the lower affin-
ities of the mutant proteins for DNA (31), which may result in
the dissociation of the Pol holoenzyme and, thus, result in
reduced amounts of DNA synthesized. Alternatively, these
mutant viruses could have a delayed onset of DNA replication
due to defects in the initiation of DNA synthesis. In this re-
gard, interactions have been reported between UL42 and the
original binding protein, UL9 (23, 35). Further studies will be
necessary to distinguish among these possibilities.

More surprising was that the UL42 mutants synthesized more
DNA than the wild-type UL42 control virus during the late phase
of infection, with an inverse relationship between the total
amounts of viral DNA synthesized and the yields of progeny virus.
One possibility is that dissociation of polymerase holoenzyme
results in partially single-stranded regions that promote recombi-
nation. There is evidence that HSV utilizes recombination-depen-
dent mechanisms to synthesize viral DNA during the late phase of
DNA replication (reviewed in reference 38 and references
therein). Therefore, it is reasonable to hypothesize that the UL42
mutants may induce more recombination-dependent DNA rep-
lication and this may explain the greater amount of DNA synthe-

FIG. 4. Viral DNA synthesized by UL42 recombinants. Vero cells (1 � 105) were inoculated with UL42 recombinants at an MOI of 3. Infected
cells were harvested at different times postinfection. DNA was isolated from aliquots of infected cells, including both infected cells and medium
containing cell-free virus. Purified DNA was serially diluted and quantified by real-time PCR as described in Materials and Methods to determine
the relative copy number of viral DNA. Since recombinant A and B of each mutant replicated similar amounts of DNA, only results of recombinant
A are shown to clearly demonstrate different amounts of DNA synthesized by these recombinants.

TABLE 3. Mutation frequency of the lacZ gene

Virus No. of total
plaques

No. of clear and
light-blue (LB)

plaques

Mutation
frequency

(%)
P valuea

C700-A 7,769 4 (0) 0.05
C700-B 9,305 6 (0) 0.06
C-R113A-A 8,770 32 (4) 0.41 	0.0001
C-R113A-B 10,636 57 (1) 0.55 	0.0001
C-R182A-A 7,756 56 (4) 0.77 	0.0001
C-R182A-B 6,770 17 (6) 0.34 	0.0001
C-R279A-A 8,592 10 (?) ND ND
C-R279A-B NDb ND ND ND
C-R280A-A 10,334 6 (12) 0.17 	0.05
C-R280A-B 11,357 18 (15) 0.29 	0.001

a The chi-square test was used to determine the P values, compared to the
mutation frequency of C700-B. No significant differences were detected between
the mutation frequencies induced by two independently isolated recombinants
containing wild-type UL42.

b ND, not determined due to the preexisting mutation.
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sis during the late stage of infection. Additionally, UL42 mutants
with a lower affinity for DNA are mutagenic (Table 3), which may
result in the higher DNA copy/PFU ratio observed, perhaps due
to particles containing lethal mutations.

Mutagenic effects of UL42 mutants. The UL42 mutants rep-
licated the virus-borne lacZ gene with lower fidelity than the
wild-type UL42 control virus. These observations demonstrate
that UL42 plays an important role in DNA replication fidelity.
Although PCNA has been linked to replication fidelity in yeast,
PCNA and gp45 have been linked to DNA replication fidelity
in vitro (2, 3, 5, 7, 8, 24), and UL42 can increase fidelity in vitro
(4), to our knowledge, this is the first study to demonstrate an
effect of a processivity factor in the replication fidelity of a virus
in mammalian cells.

Previous in vitro studies demonstrated that PCNA can affect
replication fidelity of polymerase � (8, 24). Furthermore, bio-
chemical studies support a role for PCNA in promoting DNA
synthesis past template lesions by mammalian polymerase �
(24–26). Studies of T4 gp45 also demonstrate that gp45 can
affect site- and type-specific fidelity in vitro (3). It will be
interesting to examine the spectrum of mutations produced by
UL42 mutants and to test biochemically how UL42 substitu-
tions result in decreased fidelity.

Several possible mechanisms may account for the mutagenic
effect of UL42 mutants. UL42 may promote switching from the
polymerase site to the exonuclease active site of Pol (32). If
mutant UL42s with impaired DNA binding are defective in this
process, more substitutions may occur due to less efficient
proofreading. Alternatively, UL42 mutants may induce more
displaced strands or flaps during lagging-strand synthesis,
based on a report that UL42 reduces the formation of such
flaps (40). This could prevent the maturation of Okazaki frag-
ments and lead to genome instability (1, 15, 16) and the for-
mation of complex changes, such as duplications (16). It is also
possible that UL42 mutants that decrease DNA binding may
increase deletion mutations in the viral genome due to the
formation of frayed primers. Such a model has been recently
proposed to explain the formation of large deletions during the
synthesis of repeat sequences and proposes that PCNA may
play a role in suppressing frayed primer formation and deletion
errors (8). Another possibility is that UL42 mutants with less
processive DNA synthesis may result in the formation of sin-
gle-stranded gaps, which can be the substrates of error-prone,
recombination-dependent repair (39).

It is also possible that UL42 mutants may mediate less effi-
cient mismatch repair (MMR). A direct link between PCNA
and MMR has been found: alterations of PCNA can result in
a mutator phenotype in yeast (5, 19, 36). Interestingly, direct
or indirect interactions between UL42, the HSV-1 single-
stranded DNA binding protein, ICP8, and two MMR proteins
(MSH3 and MSH6) have been found (34). Furthermore,
MSH6 expression has been reported to be up-regulated in
HSV-1-infected cells (33). Therefore, it is possible that UL42
may be involved in MMR, which would predict an increased
frequency of point mutations in UL42 mutants. Further studies
will be necessary to examine the mutation spectra produced by
UL42 mutants, which may help to define the possible mecha-
nisms of how UL42 mutations result in decreased fidelity.
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