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Herpes simplex virus DNA polymerase consists of a catalytic subunit, Pol, and a processivity subunit, UL42,
that, unlike other established processivity factors, binds DNA directly. We used gel retardation and filter-
binding assays to investigate how UL42 affects the polymerase-DNA interaction. The Pol/UL42 heterodimer
bound more tightly to DNA in a primer-template configuration than to single-stranded DNA (ssDNA), while
Pol alone bound more tightly to ssDNA than to DNA in a primer-template configuration. The affinity of
Pol/UL42 for ssDNA was reduced severalfold relative to that of Pol, while the affinity of Pol/UL42 for
primer-template DNA was increased ;15-fold relative to that of Pol. The affinity of Pol/UL42 for circular
double-stranded DNA (dsDNA) was reduced drastically relative to that of UL42, but the affinity of Pol/UL42
for short primer-templates was increased modestly relative to that of UL42. Pol/UL42 associated with primer-
template DNA ;2-fold faster than did Pol and dissociated ;10-fold more slowly, resulting in a half-life of 2 h
and a subnanomolar Kd. Despite such stable binding, rapid-quench analysis revealed that the rates of
elongation of Pol/UL42 and Pol were essentially the same, ;30 nucleotides/s. Taken together, these studies
indicate that (i) Pol/UL42 is more likely than its subunits to associate with DNA in a primer-template
configuration rather than nonspecifically to either ssDNA or dsDNA, and (ii) UL42 reduces the rate of
dissociation from primer-template DNA but not the rate of elongation. Two models of polymerase-DNA
interactions during replication that may explain these findings are presented.

During DNA replication, long-chain DNA synthesis on the
leading strand requires processivity factors to overcome the
tendency of DNA polymerase to dissociate from the template
after each catalytic step. In most of the organisms studied to
date, these processivity factors interact with the catalytic sub-
unit of polymerase and with DNA to increase the time of
association of the holoenzyme with the DNA template. The
best-characterized processivity factors are the so-called “slid-
ing clamps,” which include the Escherichia coli b subunit of
DNA polymerase III, bacteriophage T4 gp45, and eukaryotic
PCNA. Biochemical and crystallographic studies have shown
that these factors do not bind directly to DNA but, rather, form
multimeric rings around DNA, which permits them to slide
along the template (15, 19, 30, 31, 47, 58). Under physiological
conditions, the association of a sliding clamp with DNA and its
cognate polymerase requires auxiliary proteins that serve as
“clamp loaders” (27, 32, 33, 40, 50) and occurs at the primer-
template junction (reviewed in reference 20, 27, 44, and 45). A
second type of processivity factor is exemplified by thioredoxin,
which, unlike the sliding clamps, associates with T7 DNA poly-
merase in the absence of other protein factors or ATP to form

a heterodimer (22, 24, 39, 48). However, like sliding clamps,
thioredoxin does not bind DNA directly (39). Thus, during
DNA synthesis, the interactions of the sliding clamps and thi-
oredoxin with DNA and their translocation appear to be pas-
sive and dependent on their association with their cognate
polymerases.

For herpes simplex virus (HSV), the details of how proces-
sive DNA synthesis occurs have yet to be resolved. The repli-
cative DNA polymerase consists of a heterodimer of two pro-
teins (6, 14). One of these proteins is the catalytic subunit, Pol
(also known as UL30), whose intrinsic activities include a 59-39
polymerase and a 39-59 exonuclease (11, 16, 17, 29, 35, 42, 56).
To carry out these functions, Pol has double-stranded DNA
(dsDNA)- and single-stranded DNA (ssDNA)-binding activi-
ties that also can be found within individual proteolytic frag-
ments of the enzyme (56). Moreover, DNA binding causes a
conformational change in Pol (57). However, this DNA bind-
ing is not sufficient for highly processive DNA synthesis (14, 21).

The second HSV polymerase subunit is UL42, which is a
processivity factor (14). It differs from other established pro-
cessivity factors in that it binds directly and stably to dsDNA,
albeit without sequence specificity (36, 43). Unlike sliding
clamps, the association of Pol and UL42 does not require
additional factors and can occur in the absence of DNA. Both
the DNA-binding and Pol-binding activities of UL42 appear to
be required for its function as a processivity factor, since mu-
tations that specifically affect either of these activities severely
reduce long-chain DNA synthesis and in vivo replication (3,
10). Moreover, the affinity of Pol/UL42 for a hairpin primer-
template is greater than that of Pol alone, and the footprint on
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the dsDNA region of this template is extended when UL42 is
present (13). Thus, the available data support the hypothesis
(14) that UL42 functions as a tether between Pol and DNA
and that its DNA-binding activity is crucial for its function as
a processivity factor. However, many of the specifics regarding
how UL42 affects the interaction of polymerase with DNA are
not known, nor is it known whether UL42, which has high
affinity for DNA, affects the movement of the polymerase
along the template.

In this study, we tested three hypotheses: (i) that UL42
increases the specificity of the holoenzyme for a primer-tem-
plate configuration, (ii) that UL42 limits the rate of dissocia-
tion of the holoenzyme from the primer-template, and (iii) that
the increase in processivity conferred by UL42 is achieved at
the expense of a decrease in the rate of elongation, i.e., that the
polymerase sacrifices speed for distance. To examine these
hypotheses, bandshift and competition assays were used to
determine the binding affinities of Pol, UL42, and the Pol/
UL42 heterodimer on different templates in the presence or
absence of magnesium. These assays allowed a comparison of
the binding preferences of these proteins to different configu-
rations of DNA. The association and dissociation rates of Pol
and Pol/UL42 on DNA in a primer-template configuration
were determined. Finally, the rates of elongation of Pol and
Pol/UL42 were compared by using a rapid-quench technique.
The results indicate that UL42 both increases the specificity of
polymerase binding to primer-template DNA and decreases
the rate of dissociation from primer-template DNA. However,
despite the increased binding to DNA, UL42 does not retard
the rate of elongation of polymerase.

MATERIALS AND METHODS

Proteins. HSV type 1 (HSV-1) Pol, UL42, and the Pol/UL42 heterodimer from
recombinant baculovirus-infected SF9 cells were purified as described previously
(14, 35).

DNA templates. To prepare an ;100-bp dsDNA template with four-base 59
ssDNA overhangs, an SmaI fragment of the UL42 gene from position 1259 to
position 1348 (38) was cloned into pUC18 to generate pUCUL42-SF16. This
plasmid was then digested with EcoRI and BamHI, and the ;100-bp EcoRI-
BamHI fragment was gel purified. An ssDNA template was prepared from this
dsDNA template by heat denaturation, followed by immediate chilling on ice. An
;30-bp dsDNA template with four-base 59 ssDNA overhangs was generated by
EcoRI and XbaI digestion of pGEM-3Zf(1) (Promega), followed by gel purifi-
cation. M13mp18 positive-strand and replicative-form (RF) DNA templates
were purchased from Pharmacia. Primer 2447 (New England Biolabs), 59-CGC
CAGGGTTTTCCCAGTCACGA, is complementary to nucleotides (nt) 6311 to
6353 of M13mp18. Primers and DNA fragments were 59 end labeled by T4
nucleotide kinase with [g-32P]ATP (6,000 Ci/mmol) by using standard proce-
dures. Labeled reaction mixtures were phenol extracted. The labeled DNA
primer was mixed with M13mp18 positive-strand template DNA at a molar ratio
of 3:1 in the presence of 100 mM NaCl in a final volume of 100 ml. The mixture
was heated to 95°C for 5 min and allowed to cool to room temperature over 30
min. To remove excess primer, the hybridized solution was spun through a
Centricon-100 column (Amicon) and washed with 300 ml of Tris-EDTA (10:1)
buffer (pH 7.5) in accordance with the manufacturer’s directions. The primed
template was collected in ;50 ml of Tris-EDTA.

Gel retardation assays. In one set of experiments, 1 fmol of labeled (10,000
cpm/fmol) ds or ss template DNA derived from an ;100-bp fragment was
incubated at room temperature with various amounts of Pol/UL42, Pol, or UL42
for 10 min in a 20-ml volume in buffer C (10 mM HEPES-KOH [pH 7.9], 5%
glycerol, 0.25 mM dithiothreitol [DTT], 0.1 mM EDTA, 10 mM KCl, 100 mg of
bovine serum albumin per ml). MgCl2 at 2 mM was included in the appropriate
reaction mixtures. For determination of binding constants, a range of concen-
trations of a labeled ;30 bp ds template with four-base 59 ss overhangs (1, 2, 4,
8, and 16 nM) was titrated with either 2 3 1029 M Pol or UL42 or 0.75 3 1029

M Pol/UL42. Mixtures of protein and DNA were incubated for 10 min at room
temperature. Following addition of 2 ml of loading buffer (10 mM HEPES-KOH
[pH 7.9], 25% Ficoll 100, 0.1% bromphenol blue, 0.1% xylene cyanol), bound
DNA and free DNA were resolved by fractionation on a 5% (for templates
derived from the ;100-bp fragment) or 10% (for the ;30-bp template) native
polyacrylamide gel. Gels were dried and autoradiographed, and the data were
quantified by densitometry of the resulting autoradiograms.

Filter-binding assays. Reaction conditions were identical to those used for the
gel retardation assays with 2 mM MgCl2 included in the reaction mixtures,

labeled template DNA derived from the ;100-bp fragment, and various con-
centrations of unlabeled M13mp18 DNA included as indicated. At the end of the
incubation, mixtures were diluted with 1 ml of buffer D (10 mM HEPES-KOH
[pH 7.9], 0.25 mM DTT, 0.1 mM EDTA) for ss template DNA and buffer D plus
2 mM MgCl2 for ds template DNA. The diluted mixture was immediately filtered
through alkali-washed nitrocellulose filters (pore-size, 0.45 mm). Filters were washed
and dried, and radioactivity was measured by liquid scintillation counting.

Determination of dissociation constants. Apparent dissociation constants
from the filter-binding assays using the dsDNA and ssDNA templates based on
the ;100-bp fragment were calculated by using saturation isotherm analysis.
(The values are apparent because the number of sites bound per DNA molecule
cannot be determined.) The fraction of filter-bound DNA was plotted against the
protein concentration. Apparent Kd 5 [P][D]/[PD], where apparent Kd is the
apparent dissociation constant and [P], [D], and [PD] are the concentrations of
free protein, free DNA, and the protein-DNA complex, respectively. The protein
concentration that led to half saturation is referred to as K1/2. When half of the
input DNA is bound, [D] 5 [PD]; thus, apparent Kd 5 [P] 5 K1/2. This is only
true if [D] ! Kd, and the assays were performed under those conditions.

Dissociation constants were also calculated via Scatchard analysis by using
data from gel retardation assays with the shorter template under conditions
under which only one protein bound per DNA molecule. The ratio of [bound
DNA]/[free DNA] was plotted as a function of [bound DNA]. The slope of the
line equals 21/Kd.

Determination of on and off rates. For measurement of kon, 1027 M Pol or 5 3
1028 M Pol/UL42 was incubated with the 33-bp fragment at 1029 M in 100 ml at
room temperature. Aliquots (10 ml) were removed at the indicated times, and
binding was quenched by the addition of a 1,000-fold excess of competitor DNA
(in 1 ml). The competitor used was a hairpin oligonucleotide, HP96 (50), pur-
chased from Genosys (The Woodlands, Tex.). At the end of the time course, the
samples were analyzed on a native acrylamide gel. Dried gels were autoradio-
graphed, and the relative amounts of bound DNA and free DNA were deter-
mined by densitometry. 1/([P0] 2 [D0]) ln {[D0][P0] 2 [PD]/[P0]([D0] 2 [PD])}
was plotted as a function of time, where [P0] and [D0] are the concentrations of
free protein and free DNA at time zero and [PD] is the concentration of the
protein-DNA complex at time t. kon corresponds to the slope of the straight line
fitted to the data (r2 . 0.97 for both plots).

For measurement of koff, the mixture was first incubated for 10 min on ice in
100 ml. At time zero, a 1,000-fold competitor excess was added (in 10 ml) and the
mixture was incubated at room temperature. At the indicated times, 11-ml ali-
quots were removed and immediately analyzed on a native polyacrylamide gel.
Dried gels were autoradiographed, and the relative concentrations of bound
DNA and free DNA were determined by densitometry. koff was determined by
plotting ln ([PD]/[PD0]) versus time, where [PD0] and [PD] are the protein-DNA
complex concentrations at times zero and t. The slope of the straight line fitted
to the data (r2 . 0.97 for both plots) is equal to 2koff. Half-lives of the complexes
can be calculated by t1/2 5 2(ln 0.5)/koff.

Rapid-quench analysis. Stop flow reactions were performed on Kintek Instru-
ment Rapid Quench Flow-3 (26) at 37°C. Reaction cocktails in one syringe
contained, per 20 ml of reaction mixture, 50 fmol of singly primed M13 template
DNA; 800 or 200 fmol of Pol or Pol/UL42, respectively; and 120 mM dCTP in
buffer A [100 or 50 mM (NH4)SO4, 20 mM Tris-Cl (pH 7.5), 0.1 mM EDTA, 0.5
mM DTT, 4% glycerol, 40 mg of bovine serum albumin per ml]. Reactions were
initiated by mixing an equal volume of this cocktail with 120 mM (each) dATP,
dGTP, and TTP and 6 mM MgCl2 in buffer A. Reactions were terminated by a
constant volume (60 ml) of quench solution containing 1% sodium dodecyl
sulfate, 20 mM EDTA, and 20 mg of salmon sperm DNA per ml. Reaction times
were 5, 20, 100, 500, and 1,000 ms. At least three determinations were made per
time point in each of two separate experiments. Reaction products were ethanol
precipitated in the presence of 0.3 M sodium acetate, resuspended in 5 or 10 ml
of formamide dye solution, and fractionated on an 8 or 12% urea gel. The dried
gel was exposed to a PhosphorImager screen. ImageQuant software was used to
compare the intensity and frequency of each size product. Weighted values were
used to estimate the number of nucleotides extended at each time point. Data
were fitted to a simple straight line with an r2 value of .0.99.

RESULTS

Binding of Pol/UL42 to DNA in the absence or presence of
magnesium. We wished to examine the binding of HSV DNA
polymerase and each of its subunits to DNA templates in
various configurations. Our working hypothesis was that the
holoenzyme might exhibit affinities for certain configurations
of DNA (e.g., dsDNA versus ssDNA) that differ from those of
Pol alone. In our initial experiments, a gel retardation assay
was employed to determine the DNA-binding activities of Pol/
UL42, Pol, and UL42 to two kinds of radiolabeled DNA tem-
plates. The first was an ;100-bp fragment that was dsDNA for
most of its length but whose 59 ends were four-base ssDNA
overhangs. Thus, a protein could bind to this template via
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interactions either with dsDNA or with the ends of the DNA
which are in a primer-template configuration. For the sake of
brevity, we will refer to this as the ds template. The second
template was the same fragment that had been heat denatured
and was thus entirely ssDNA. Because (see below) Pol/UL42
and Pol degraded ssDNA in the presence of magnesium, we
compared the binding of the various proteins to the different
templates in the absence or presence of magnesium. In these
assays, increasing concentrations of protein were titrated
against a fixed amount of either of these templates. In Fig. 1,
the panels on the left are binding assays with the dsDNA
template, while those on the right were performed with the
ssDNA template. Figure 2 presents a lower range of concen-
trations of Pol/UL42 binding to the ds template only. Within
each panel, lanes 2 to 8 represent reactions incubated in the
absence of magnesium, while the reactions in lanes 9 to 15
were incubated in the presence of 2 mM MgCl2.

Incubation of Pol/UL42 with the ds template in the absence
of magnesium resulted in four distinct complexes, which we
term C1 to C4 (Fig. 1A, lanes 2 to 8). When lower concentra-
tions of Pol/UL42 were used, only three complexes were ob-
served (Fig. 2). The highest-mobility complex, C1, was formed
when only 5 fmol of Pol/UL42 was present (Fig. 2, lane 1), and
the next-highest-mobility complex (C2) appeared with 20 fmol
of Pol/UL42 (Fig. 1, lane 2; Fig. 2, lane 4). Starting with 40
fmol of Pol/UL42, a lower-mobility complex (C3) was observed
while the amount of C1 correspondingly diminished (Fig. 1A,
lanes 4 to 5; Fig. 2, lane 6 to 8). With greater than 500 fmol of
protein, the amount of C2 diminished as well, accompanied by
the appearance of a fourth complex, C4 (Fig. 1A, lanes 6 to 8).
The changes in the pattern of complexes formed with increas-
ing amounts of protein added suggested that C1 contained a
single Pol/UL42 heterodimer and C2, C3, and C4 contained
two, three, and four heterodimers, respectively.

The complexes observed between Pol/UL42 and the ds tem-
plate in the presence of magnesium (Fig. 1A and 2, lanes 9 to
15) differed quantitatively from those observed in the absence
of divalent cation. Incubation of Pol/UL42 and the ds template
resulted primarily in the formation of only two complexes, C1
and C2, (Fig. 2, lanes 9 to 15), even when as much as 200 fmol
of protein was added (Fig. 1A, lanes 9 to 12). A complex with
lower mobility (C3) was formed only when over 500 fmol of
protein was included in the incubation mixture, and it was
accompanied by a decrease in the amount of C1 (Fig. 1A, lanes
13 to 15). This amount is 10-fold higher than that required to
form C3 in the absence of magnesium (compare lanes 3 and
13). Little C4 was observed, even at 2,000 fmol of protein, and
the amount of C2 remaining was only slightly diminished com-
pared to that which remained after incubation in the absence
of magnesium (Fig. 1A, lanes 8 and 15).

Two distinct complexes were observed when the Pol/UL42
heterodimer was incubated with the ss template (Fig. 1B). In
the absence of magnesium, only a single complex was predom-
inant at those protein concentrations that yielded two com-
plexes with the ds template (compare lanes 2 to 4 in Fig. 1A
and B). As more protein was included in the incubation (Fig.
1B, lanes 5 to 8), an additional complex was formed, concom-
itant with a decrease in the amount of the faster migrating
complex. When magnesium was included in the incubation
mixture, complexes were present in much lower abundance,
evidently due to the intrinsic exonuclease activity of HSV Pol,
which is more active against ssDNA than against dsDNA (35,
56). Nevertheless, overexposure of the autoradiograph showed
that the pattern and mobilities of shifted complexes were sim-
ilar to those observed in the absence of magnesium. This was

confirmed by incubating Pol/UL42 and ssDNA at 4°C, a tem-
perature at which the exonuclease activity was limited (55).

Binding of Pol to DNA. Results of gel shift assays of DNA
with Pol in the absence of UL42 are shown in Fig. 1C and D.
The effect of magnesium on binding of Pol to the ds template
was even more pronounced than that observed for Pol/UL42
(Fig. 1C). In the absence of magnesium, Pol did not bind very
efficiently, in that saturation was never achieved, even with the
largest amounts of proteins used (lanes 7 and 8), as evidenced
by the free (unbound) DNA. Moreover, a second, higher-
mobility complex was formed only with greater than 2,500 fmol
of protein, 50-fold more than was necessary when magnesium
was present (compare Fig. 1, lanes 7 and 9). When Pol was
allowed to bind the ds template in the presence of magnesium,
three specific complexes were formed. As was true with Pol/
UL42, the two highest-mobility complexes appeared at low
protein concentrations (Fig. 1, lanes 9 to 11). The third com-
plex was formed when protein amounts were greater than 250
fmol (Fig. 1, lanes 11 to 15). This was accompanied by a
decrease in the amount of the complex with the greatest mo-
bility. Regardless, comparison of the binding of Pol to the ds
template with the binding of Pol/UL42 to this template sug-
gested that Pol/UL42 bound with higher affinity than did Pol
alone, as only 10 to 20 fmol of Pol/UL42 was required to shift
more than half of the DNA (e.g., Fig. 1A, lanes 2 and 9, and Fig.
2, lanes 4 and 10), while more than 50 fmol of Pol was required to
shift more than half of the DNA (Fig. 1C, lanes 3 and 10).

In contrast to binding to the ds template, specific complexes
were readily formed between Pol and ssDNA in the absence of
magnesium (compare Fig. 1C and D, lanes 2 to 8). The amount
of complex observed in the presence of magnesium was re-
duced as expected from the 39-59 exonuclease activity of Pol.
Again, incubation at 4°C instead of room temperature severely
limited the exonuclease activity (55). Under these conditions,
the patterns of Pol binding to ssDNA were virtually identical in
the presence and absence of magnesium (55). For ss template
DNA, comparisons between the binding of Pol and Pol/UL42
(Fig. 1B and D) suggested that Pol bound with higher affinity
than did Pol/UL42.

Binding of UL42 to DNA. Complex formation between
UL42 and DNA in the presence or absence of magnesium was
very similar (compare lanes 2 to 8 to lanes 9 to 15 in Fig. 1E or
F). At the lowest protein concentrations, at least two com-
plexes were formed between UL42 and the ds template (Fig.
1E, lanes 2, 3, 9, and 10). Over the range of protein concen-
trations used, six different complexes could be observed (54).
At the highest concentrations of protein used, the complexes
migrated slowly in the gel (Fig. 1E, lanes 5 to 8 and 12 to 15).
As expected (36, 43), UL42 bound the ds template more
readily than ssDNA, with free ds template disappearing at
lower protein concentrations than free ssDNA (Fig. 1E and F,
lanes 2 to 4 and 9 to 11). Furthermore, fewer complexes were
observed when ssDNA was incubated with the same amounts
of protein compared with the dsDNA template (compare Fig.
1E and F).

To summarize the results of these experiments, Pol/UL42
bound and formed lower-mobility complexes on the ds tem-
plate (whose ends are in a primer-template configuration) at
lower concentrations of protein than did Pol alone, regardless
of the presence or absence of magnesium. In the presence of
magnesium, both Pol/UL42 and Pol formed the two highest-
mobility complexes on this template at much lower protein
concentrations than were required to form the third complex,
suggesting that there were two preferred binding sites per
template. Pol formed lower-mobility complexes on ssDNA at
lower concentrations than did Pol/UL42. UL42 bound and
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formed multiple lower-mobility complexes on the dsDNA tem-
plate at lower concentrations than it did on ssDNA.

Competition experiments to test the importance of specific
binding to ends of the ds template. Given that the mobility

shift patterns of Pol/UL42 and Pol on the ds template sug-
gested two preferred binding sites per template, we hypothe-
sized that Pol and Pol/UL42 would bind preferentially to the
primer-template ends of the ds template. This would explain

FIG. 1. Binding of the HSV polymerase holoenzyme and subunits to different DNA configurations. The indicated amounts of Pol/UL42 (A and B), Pol (C and D),
and UL42 (E and F) were incubated for 10 min with 1 fmol of a 59-end-labeled ds template with ends in a primer-template configuration (ds; A, C, and E) or ss template
(ss; B, D, and F) in the absence (lanes 2 to 8) or presence (lanes 9 to 15) of 2 mM magnesium chloride. In each panel, lane 1 is free template DNA that was not incubated
with protein. Complexes and free DNA were fractionated on native polyacrylamide gels, which were autoradiographed.
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why at low concentrations of protein, the C1 (one end bound)
and C2 (two ends bound) complexes were observed, while
additional complexes resulting from binding to internal ds re-
gions were only observed at high concentrations of protein. To
test this hypothesis, filter-binding experiments were performed
by using the same radiolabeled ds template that was used in the
gel retardation assays and using M13mp18 DNA as a compet-
itor. The competitor DNA was either circular dsDNA or
ssDNA or linearized (with EcoRI) dsDNA or ssDNA. Binding
could thus occur at both ends (primer-template configuration)
of the linearized competitor DNAs or at internal sites, whereas
only internal binding would be permitted with the circular
templates. Pol/UL42, Pol, or UL42 was incubated with the
32P-labeled templates in the presence of various concentra-
tions of competitor DNA, and the amounts of labeled DNA
bound to nitrocellulose filters by virtue of being bound to
protein were measured. The concentrations of competitor
DNA that reduced filter-bound radioactivity by 50% (IC50)
were determined. The lower the IC50, the more efficiently
bound is that conformation of competitor DNA. It should be
noted that because the proteins could bind to internal sites
(albeit with various efficiencies), the IC50s obtained were low
relative to the Kd values obtained with shorter templates (see
below) because M13mp18 is large (7.2 kb) and thus has many
internal binding sites per molecule.

Linearized M13mp18 dsDNA, with an IC50 of 20 pM, was
the most efficient competitor for Pol/UL42 binding to ds tem-
plate DNA, being 15- to 20-fold more efficient than linear or
circular ssDNA and 3- to 4-fold more efficient than circular
dsDNA (Table 1). In contrast, circular and linear M13mp18
ssDNAs were the most efficient competitors for the binding of
the Pol subunit to ds template DNA, having an IC50 of 90 pM
(Table 1). Nevertheless, linearized M13mp18 dsDNA was
again more effective at competing for Pol binding than was
circular dsDNA, having a fourfold lower IC50 (Table 1). Ad-
ditional competition experiments showed that relatively short
dsDNA fragments with 39 overhangs or blunt ends were less
efficient competitors for Pol binding than dsDNA fragments

with 59 overhangs (55). Moreover, Strick and Knopf (46) have
reported that Pol/UL42 from HSV-infected cells binds prefer-
entially to dsDNA with 59 overhangs over dsDNA with blunt
ends. These observations were consistent with our hypothesis
that Pol/UL42 and Pol interact preferentially with the primer-
template configurations at the ends of the ds template. There-
fore, the two higher-mobility complexes observed in the right-
hand halves of Fig. 1A and C most likely represent binding to
the primer-template ends of the dsDNA fragment, while ad-
ditional complexes were formed by nonspecific binding to in-
ternal binding sites.

In contrast to Pol and Pol/UL42, UL42 binding to the ds
template was competed by linearized and circular M13mp18
dsDNAs with equal efficiency (Table 1). Either of the ssDNA
competitors was 50-fold less efficient by comparison. Thus,
unlike Pol/UL42 and Pol, UL42 exhibited a preference not for
linearized DNA but only for dsDNA over ssDNA.

Determination of relative apparent affinities. We then used
the filter-binding assay to determine relative affinities of HSV
polymerase and its subunits for the ds template whose ends are
in a primer-template configuration and for the ss template.
Increasing amounts of protein were added to 1 fmol of 59-end-
labeled template DNA in the presence of magnesium for the
ds template and in the absence of magnesium for the ss tem-
plate. The amount of filter-bound radioactivity was measured
to determine the fraction of bound DNA, which was plotted
against protein concentration. With these experimental condi-
tions, in which the concentration of DNA was very low, we
could then apply a saturation isotherm analysis to calculate
apparent Kds from the concentration of protein that led to half
saturation (Table 2). The values obtained were apparent rather
than absolute because the assay cannot distinguish between
DNAs with one or more sites bound.

By this assay, Pol/UL42 exhibited a high apparent affinity
(0.33 nM) for the ds template that was fivefold higher than that
for the ss template (Table 2). Based on our analysis of the gel
retardation experiments and competition experiments, this
higher affinity for the ds template was due to binding to the
ends, which are in a primer-template configuration. In contrast

FIG. 2. Two binding sites for Pol/UL42 on the ds template at low protein-
DNA ratios. The indicated amounts of Pol/UL42 were incubated with 1 fmol of
a 59-end-labeled ds template in the absence (lanes 2 to 8) or presence (lanes 9 to
15) of magnesium, as in Fig. 1. Lane 1 is free template DNA that was not
incubated with protein. Complexes and free DNA were fractionated on native
polyacrylamide gels, which were autoradiographed.

TABLE 1. Competition efficiencies of circular and linearized
ssDNA and dsDNAa

Protein and competitor DNAc
Mean IC50 (nM)b 6 SD

ssDNA dsDNA

Pol/UL42
Circular 0.4 6 0.006 0.07 6 0.005
Linear 0.3 6 0.05 0.02 6 0.003

Pol
Circular 0.09 6 0.006 2 6 0.12
Linear 0.09 6 0.02 0.5 6 0.006

UL42
Circular 0.5 6 0 0.01 6 0.0006
Linear 0.5 6 0.01 0.01 6 0.0006

a A 15-fmol sample of a radiolabeled ds template (;100 bp) was incubated
with 0.5 pmol of Pol/UL42, Pol, or UL42 and various amounts of competitor
DNA in 10-ml reaction mixtures in the presence of magnesium as detailed in
Materials and Methods. The amount of radioactivity that bound to filters was
used to deduce the IC50 of each competitor.

b Data from three separate experiments are presented.
c M13mp18 DNA was used as the competitor. The circular ssDNA and dsDNA

used were positive-strand and RFI M13mp18, respectively. Linearized dsDNA
was generated by restriction of RFI M13mp18 with EcoRI. Linearized ssDNA
was obtained by heat denaturation of this restricted DNA.
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with Pol/UL42, Pol bound the ss template with 10-fold greater
apparent affinity (0.5 nM) than the ds template (Table 2), even
though, like Pol/UL42, its binding to the ds template was via
binding to the primer-template ends. Additionally, the appar-
ent affinity of Pol/UL42 for the primer-template configuration
was 10- to 20-fold greater than that of Pol, while the apparent
affinity of Pol for the ss template was ;3-fold greater than that
of Pol/UL42 (Table 2). Thus, not only did Pol/UL42 bind more
tightly to primer-template DNA than did Pol, as previously
shown by using hairpin primer-template DNA (13), but it
bound less tightly to ssDNA than did Pol. UL42 exhibited
;20-fold greater apparent affinity for dsDNA (2 nM) than for
ssDNA (Table 2). The differences in apparent Kd between the
ds and ss templates correlated well with the differences in IC50
between the linearized M13mp18 dsDNA and ssDNA in the
competition assay (Table 1).

Determination of Kd for a ds template with primer-template
ends by Scatchard analysis. In order to determine the absolute
binding affinities of Pol, Pol/UL42, and UL42 for a ds template
with primer-template ends, we performed a gel retardation
assay using a short template—an ;30-bp ds fragment with
four-base 59 ss overhangs. In contrast with the longer template
used in Fig. 1 and 2 and Table 2, incubation of this short
template at all of the protein concentrations used to calculate
affinities resulted in only one complex that migrated more
slowly than the unbound template (Fig. 3A). Thus, the affini-
ties measured reflect one protein bound to one DNA mole-
cule. (In other assays, at higher protein-DNA ratios, a maxi-
mum of two complexes were observed with UL42 [55].)
Constant amounts of protein were titrated with increasing
amounts of 59-end-labeled DNA. After a 10-min incubation,
the protein-DNA complexes were resolved on a nondenaturing
gel. Densitometric measurements of free and complexed
DNAs were plotted as bound versus bound/free in a Scatchard
analysis. Kds were determined as 21/slope.

The affinity of Pol/UL42 for the short template was 0.75 nM,
15-fold higher than that of Pol alone (Table 3, column 2). This
difference was consistent with that observed for the longer
template (Tables 1 and 2). Interestingly, the binding constants
of Pol and Pol/UL42 obtained in the filter-binding assay using
the longer ds template, which is large enough to bind two
proteins to its ends, were approximately half of those obtained
with the short template (compare Tables 2 and 3). This sug-
gests that the conditions used in measuring the binding con-
stants with the larger ds template were such that both ends of
the fragment could be equivalently occupied. UL42 bound the
short template with a Kd of 1.4 nM (Table 3). This value is
slightly lower than that obtained with the longer ds template
(Table 2), which is consistent with the longer template binding,
on average, .1 UL42 molecule at concentrations at which
about half of the DNA molecules were bound (Fig. 1E). The
value is modestly higher than that for Pol/UL42 on the short

template (Table 2); thus, Pol/UL42 bound to this template with
higher affinity than did either of its subunits, especially Pol,
consistent with previous results obtained by Gottlieb and
Challberg by using hairpin primer-template DNA (13).

Determination of kon and koff. We wished to determine
whether the higher affinity of Pol/UL42 relative to Pol for
primer-template DNA was due to more rapid association or
diminished dissociation. Therefore, the kon and koff of Pol/
UL42 and Pol for the short ds template were measured (Fig.
4). To measure kon, a saturating amount of enzyme was mixed
with a reaction cocktail containing radiolabeled template DNA
and incubated at room temperature. At appropriate times, an

FIG. 3. Determination of dissociation constants by Scatchard analysis. (A)
The indicated amounts of a 59-end-labeled 33-bp DNA fragment with ends in a
primer-template configuration were incubated with 7.5 fmol of Pol/UL42 (lanes
1 to 5), 20 fmol of Pol (lanes 6 to 10), or 20 fmol of UL42 (lanes 11 to 15).
Complex formation was analyzed by gel retardation assay as detailed in Materials
and Methods. (B) The relative amounts of DNA bound in panel A were mea-
sured by densitometry and plotted against the amounts of DNA added. (C)
Scatchard plot of gel retardation data from panels A and B. Slope, 21/Kd.

TABLE 2. Apparent binding affinities of Pol/UL42, Pol, and UL42a

Protein
Apparent dissociation constant (M)

ss template ds template

Pol/UL42 1.6 3 1029 0.33 3 1029

Pol 0.5 3 1029 4.6 3 1029

UL42 1.1 3 1028 2.0 3 1029

a Apparent dissociation constants correspond to protein concentrations that
led to half-maximal occupation of binding sites, as determined in filter-binding
assays. Assays with ss and ds templates were performed in the absence and
presence of MgCl2, respectively.
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aliquot was removed and further binding of protein to labeled
DNA was quenched with EDTA and an excess of a unlabeled
competitor DNA. Each aliquot was analyzed on a nondena-
turing polyacrylamide gel, the autoradiogram of which is
shown in Fig. 4A. The amounts of bound DNA and free DNA
were measured by densitometry of the resulting autoradiogram
and plotted (Fig. 4B). koff was determined similarly, except that
the enzyme and DNA were preincubated for 10 min at room
temperature to allow binding. At time zero, unlabeled com-
petitor DNA was added to the cocktail and the mixture was
incubated at room temperature. At appropriate times, an ali-
quot was removed and immediately loaded onto a running gel,
the autoradiogram of which is shown in Fig. 4C (the apparent
decreasing mobility of the free DNA with time is due to the
samples being loaded at different times on the running gel).
The amounts of bound DNA and free DNA were assessed by
densitometry (Fig. 4D). The plots in Fig. 4B and D were used
to calculate kon and koff values (Table 3).

The kon for Pol/UL42 was about twice that of Pol (Fig. 4 and
Table 3), indicating that UL42 had only a modest effect in
increasing the rate of association of polymerase with DNA. In
contrast, the koff for Pol/UL42 was 10-fold lower than that for
Pol, resulting in t1/2 of a 2 h for Pol/UL42 on the primer-
template (Fig. 4 and Table 3). The Kd values calculated from
the koff and kon values (Table 3, rightmost column) were sev-
eralfold lower than those determined by Scatchard analysis
(Table 3, column 2). This may be due to overestimation of kon
values as a result of manual quenching. Nevertheless, the two
methods yielded very similar fold differences in affinity be-
tween Pol/UL42 and Pol. Thus, a decreased rate of Pol/UL42
dissociation from the primer-template is primarily responsible
for the increased affinity of Pol/UL42 versus Pol.

Pol/UL42 and Pol exhibit similar rates of elongation. We
had previously shown that mutations that specifically and se-
verely decrease the DNA-binding activity of UL42 severely
reduce its ability to function as a processivity factor in vitro and
to function in viral replication in vivo, strongly suggesting that
DNA binding is required for UL42 function (3). Results in
Table 3 show that UL42 stabilizes the interaction of the het-
erodimer with the primer-template largely by decreasing dis-
sociation. A hypothesis that arises from these observations is
that the direct and highly stable binding of DNA conferred on
polymerase by UL42, while increasing processivity (macro-
scopic elongation), may slow the speed at which polymerase
translocates (microscopic elongation). To address this question
directly, the rates of elongation of Pol and Pol/UL42 on an
M13mp18 template were determined. In order to measure
elongation by Pol before it dissociated from the template, a
stop-flow method was used to measure the rates at relatively
short time intervals. This also allowed us to minimize the
effects of secondary structure and sequence-dependent stops
(1, 12, 53, 54). With that in mind, we chose a primer that

yielded the fewest favored pause products within the time
assessed (4).

Purified Pol or Pol/UL42 was preincubated with an
M13mp18 template that had been annealed to a radiolabeled
primer in Mg21-free buffer containing the next nucleotide
(dCTP). This permitted binding to primer-template DNA
while limiting exonuclease activity. It has previously been re-
ported that the polymerase activity of Pol and Pol/UL42 was
dependent on the concentration of monovalent cations present
in the assay, with Pol alone being more active at 50 mM
(NH4)2SO4 and Pol/UL42 being more active at 100 mM
(NH4)2SO4 (18). Thus, to maximize the chances of observing a
difference in elongation rate between Pol and Pol/UL42, the
buffer contained either 50 or 100 mM (NH4)2SO4. Reactions
were initiated with the addition of the remaining deoxynucleo-
side triphosphates in 23 Mg21 buffer and, using a rapid-
quench flow apparatus, measurements were taken at time
points of 5 through 1,000 ms.

Figure 5 represents the PhosphorImager analysis of prod-
ucts from 5-, 20-, 100-, 500-, and 1,000-ms reactions. As shown,
the amounts of synthesis by Pol and Pol/UL42 at each time
point were qualitatively similar at both 100 mM (Fig. 5A) and
50 mM (Fig. 5B) (NH4)2SO4. To ensure that UL42 functioned
as a processivity factor under these conditions, similar reac-
tions were performed for longer times and analyzed by using
both alkaline agarose gels and denaturing polyacrylamide gels.
In the reaction mixtures containing UL42, long products (.2
kb) appeared much earlier, the amount of intermediate prod-
ucts was minimal, and the fraction of primers utilized was
much smaller than in the same reaction mixtures with Pol
alone (4). Thus, UL42 was active as a processivity factor under
these conditions. Also, at these longer time points, greater
activity was observed with Pol/UL42 than with Pol at 100 mM
(NH4)2SO4 and greater activity was observed with Pol than
with Pol/UL42 at 50 mM (NH4)2SO4 (4), as previously re-
ported (18).

To calculate rates of elongation, densitometric plots for each
time point were evaluated and the area under each peak was
integrated. Figure 6A and B shows plots of the rates of elon-
gation at 100 mM (NH4)2SO4, while Fig. 6C and D represents
reactions at 50 mM (NH4)2SO4. The extension that repre-
sented the median or 75th percentile value of total radioactiv-
ity (excluding unextended primer) at each time point between
5 and 500 ms was used to plot the graphs in Fig. 6. The median
value represented the average speed of the population. The
75th percentile was chosen to approximate the maximal elon-
gation rate (too few molecules were synthesized at the actual
maximal rate to permit analysis). The median value plots are
shown on the left (Fig. 6A and C), and the 75th percentile plots
are shown on the right (Fig. 6B and D). As shown, the data
represented by the 5- to 500-ms time points indicate a linear
rate of elongation within this time frame. The rates of elonga-
tion by Pol and Pol/UL42 were not meaningfully different at 50
or 100 mM (NH4)2SO4 (Fig. 5 and 6). Thus, despite the ap-
parent requirement for DNA binding by UL42 for processivity
(3) and despite the stable binding of Pol/UL42 to primer-
template DNA (Table 3 and reference 13) and its slow disso-
ciation (Fig. 4 and Table 3), UL42 did not slow the transloca-
tion of polymerase along the template.

DISCUSSION

Critical interaction steps between a replicative DNA poly-
merase and its primer-template DNA include initial attach-
ment and sustained association, during which catalysis and
translocation occur. Studies reported here investigated aspects

TABLE 3. Dissociation constants and kinetic parametersa

Protein Kd
(M)

kon
(M21 s21)

koff
(s21)

t1/2
b

(min)
Kd 5

koff/kon

Pol/UL42 0.75 3 1029 0.78 3 106 0.093 3 1023 124 0.12 3 1029

Pol 11 3 1029 0.39 3 106 0.95 3 1023 12 2.5 3 1029

UL42 1.4 3 1029 NDc ND ND ND

a Kd, kon, and koff were determined from the gel retardation assays represented
in Fig. 3 and 4 that used the short ds template.

b Half-lives were calculated as follows: t1/2 5 2ln(0.5)/koff.
c ND, not determined.
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of these processes. Below, the results of these investigations
are discussed and two models for DNA replication by HSV
DNA polymerase are proposed.

Increased affinity of polymerase for primer-template DNA
relative to Pol is due largely to a decreased dissociation rate.
Gottlieb and Challberg (13) showed that both Pol and Pol/
UL42 protected a hairpin oligonucleotide that was in a primer-
template configuration over the junction of the ds and ss re-
gions. The Kd values for the oligonucleotide of Pol/UL42, Pol,
and UL42 determined in that study were 0.78 3 1029, 7.1 3
1029, and 1.1 3 1029, respectively. We used a ds template that
could permit internal binding to entirely dsDNA or binding to
primer-template configurations at the ends. We found that Pol
and Pol/UL42 bound preferentially to the primer-template
configuration at the ends of the template, with stronger bind-
ing by Pol/UL42, while UL42 showed no preference for ends,

in agreement with the interpretations of Gottlieb and Chall-
berg (13). Using a short template to permit measurements of
Kd (Table 3) yielded values within 30% of those obtained by
Gottlieb and Challberg for the hairpin oligonucleotide. Thus,
confirming and extending the previous study (13), the Pol/
UL42 heterodimer has higher affinity for primer-template
DNA than does either of its subunits alone.

The 10- to 20-fold increase in Pol/UL42 affinity for primer-
template DNA relative to Pol was mainly due to a substantially
reduced rate of dissociation of the polymerase from the prim-
er-template (Fig. 4). The effect on the association rate was less
dramatic. The association rates of Pol and Pol/UL42 were well
below the value of 108 to 109 that is expected for diffusion-
controlled reactions (5, 23). This is consistent with the view
that Pol and Pol/UL42 must approach the DNA in a particular
orientation in order for productive and stable association to

FIG. 4. Determination of association and dissociation rates. (A) Gel retardation analysis of association rate. A 59-end-labeled short ds template (1029 M) was
incubated with 5 3 1028 fmol of Pol/UL42 (lanes 1 to 9) or 1027 fmol of Pol (lanes 10 to 18) in a total volume of 100 ml. At the indicated times, 10 ml was removed
and mixed with 2 ml of loading buffer and 1 ml of a 1,000-fold excess of unlabeled DNA to prevent any further association of protein with labeled DNA and analyzed
on a native polyacrylamide gel. The samples from the time course using Pol/UL42 were applied to the gel first, electrophoresis was started at a low voltage, and then,
after the time course using Pol was completed, those samples were applied to the gel. This accounts for the apparently slower mobility of free DNA in lanes 10 to 18.
(B) Calculation of kon. The data from panel A were analyzed and plotted. To ensure that initial rates of association were measured, only data from the first 50 s were
fitted to the plot. [P0] and [D0] are concentrations of free protein and free DNA, respectively, at time 0. [PD] is the protein-DNA complex concentration at a given
time point. kon corresponds to the slope of the straight line fitted to the first 50 s of datum points (r2 . 0.97 for both plots). (C) Gel retardation analysis of dissociation
rate. Experimental details are similar to those of panel A, except that Pol (lanes 1 to 7) or Pol/UL42 (lanes 8 to 14) and DNA were preincubated for 10 min. At time
zero, to prevent any reassociation of protein and labeled DNA, a 1,000-fold molar excess of unlabeled DNA was added to the mixture. Aliquots of 11 ml were removed
at the indicated times and immediately loaded onto a running polyacrylamide gel. (D) Calculation of koff. The data from panel C were analyzed and plotted. [PD0] and
[PD] refer to the concentrations of bound species at time zero and at a given time point, respectively. The slope of the plot is equal to 2koff.
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occur and/or that binding of Pol or Pol/UL42 is a two-step
process (e.g., involving a conformational change in the enzyme
[57]).

Decreased heterodimer binding to nonproductive templates.
Our studies permitted comparisons of binding to DNA in a
primer-template configuration with binding to DNA in other
configurations. As there can be many more of the latter bind-
ing sites than the former per replicating viral genome, it seems
likely that minimizing nonproductive association with DNA
that was either entirely ss or ds would increase the efficiency of
DNA replication. It was thus interesting that Pol/UL42 bound
DNA that was in a primer-template configuration more avidly
than DNA in other configurations. Pol/UL42 bound ssDNA
with much lower affinity than did Pol alone and bound DNA
that was entirely ds with sevenfold lower affinity than did
UL42. In contrast, Pol bound ssDNA more avidly than it did
DNA in a primer-template configuration and UL42 bound
DNA that was entirely ds as avidly as or more avidly than it did
DNA in a primer-template configuration. Thus, without UL42,
Pol would be more likely to associate nonproductively with
ssDNA and without Pol, UL42 would be more likely to asso-
ciate nonproductively with the more abundant binding sites
that are entirely dsDNA. This reduction in nonspecific binding
of Pol/UL42 compared to Pol alone or to UL42 alone could be
a result of conformational changes in Pol and UL42 upon
heterodimerization and/or due to regions in the individual
subunits that contribute to nonspecific DNA binding becoming
inaccessible. Regardless, detection of stimulation of Pol activ-
ity by UL42 in certain assays might not necessarily reflect
increased processivity but might, instead, reflect fewer nonpro-
ductive associations with DNA.

HSV does not utilize auxiliary protein complexes to guide
the polymerase to the primer-template junction, as do other
organisms (27, 32, 33, 50). However, as recently reported, Pol
and UL8, a component of the viral helicase-primase complex,
can interact, at least in vitro (37). Such interactions between
the primase and the DNA polymerase, combined with de-

creases in interaction of Pol/UL42 with DNA that is not in a
primer-template configuration, might help guide polymerase
to the primer-template junction. The observation that the kon
of Pol/UL42 is approximately twofold greater than that of Pol
alone also may abet this process.

Rate of fork movement. The rate of DNA synthesis by HSV
DNA polymerase purified from HSV-infected cells was origi-
nally estimated to be about 3 to 5 nt/s (42). Subsequent esti-
mations using proteins purified from recombinant-baculovirus-
infected insect cells gave rates of elongation for Pol/UL42 of 10
to 60 nt/s (14). Our results (26 to 33 nt/s), in agreement with
the latter estimate and with the rate of fork movement of 50
nt/s in pseudorabies virus, another alphaherpesvirus (2), would
be sufficient to sustain productive HSV infection at a rate of
10,000 copies per cell in 10 h (42). It is thus possible that the
rate of fork movement in infected cells is dictated primarily by
polymerase. Still, the rate of fork movement could be influ-
enced by other replication factors. In simian virus 40 replica-
tion, for example, the helicase activity of T antigen (;3 nt/s)
appears to limit the rate of leading-strand synthesis in vitro and
in vivo (41, 49). In the other direction, interaction of E. coli
polymerase III DNA polymerase and helicase increases the
rate of unwinding 10-fold (28). Since HSV Pol can interact
with a helicase-primase subunit (37), it would be of interest to
determine if HSV helicase activity is stimulated by Pol/UL42
or if the rate of unwinding limits fork movement instead.

UL42 is not a brake. Embedded in the hypothesis that UL42
functions as a processivity factor by acting as a tether between
Pol and DNA during DNA replication is a mechanistic para-
dox (14). Wouldn’t the stable association of UL42 and DNA
decrease the rate of elongation of Pol? To address this para-
dox, we hypothesized that the increase in processivity afforded
by UL42 would be achieved at the expense of a decrease in the
rate of elongation. In other words, Pol alone would be like a
sprinter, having high speed for short distances, while the Pol/
UL42 complex would be like a marathoner, going farther by
running more slowly. However, the microscopic elongation
rates of Pol and Pol/UL42 were essentially the same. Although
our results do not rule out the possibility that UL42 did reduce
translocation speed but, at the same time, increased the rate of
a catalytic step by the same amount, thereby preserving the
overall elongation rate, the simplest interpretation is that
UL42 does not brake elongation even though it “sticks” the
polymerase to DNA.

How does Pol/UL42 rapidly translocate? The apparent re-
quirement for DNA binding by UL42 for processivity (3), com-
bined with the very stable binding to primer-template DNA
due to very slow dissociation conferred by UL42, implies a
mechanism that is very different from that of the sliding
clamps. Those processivity factors, which interact with DNA
topologically rather than directly, appear to be designed to
permit sliding and thus facile translocation. How, then, does
Pol/UL42’s stable association with primer-template DNA per-
mit rapid translocation? Two models for the translocation of
Pol/UL42 along DNA are presented below.

Ratcheting. In the ratcheting model, a catalytic step causes a
conformational change such that HSV polymerase is no longer
bound tightly to the primer terminus but can “scan” the DNA
to arrive at its next preferred site. Such a conformational
change has been advanced for T4 DNA polymerase, for which
it was suggested that a conformer that binds specifically to
primer-template junctions predominates during catalysis, while
a conformer that binds less specifically to DNA via electro-
static interactions accomplishes the translocation step (12, 52).
In one version of this model, Pol alone would also undergo a
conformational change as it elongates. Interestingly, the C-

FIG. 5. Rapid-quench analysis of elongation rate. A primed M13mp18
ssDNA template was preincubated with dCTP and Pol or Pol/UL42, as indicated,
in Mg21-free buffer containing 100 mM (NH4)2SO4 (A) or 50 mM (NH4)2SO4
(B). Reactions were initiated by adding the remaining deoxynucleoside triphos-
phates and 23 Mg21 buffer. Reaction times were 5 (lanes 1 and 6), 20 (lanes 2
and 7), 100 (lanes 3 and 8), 500 (lanes 4 and 9), and 1,000 (lanes 5 and 10) ms.
Quenched reactions were processed as described in Materials and Methods.
Products were fractionated on a 12% denaturing polyacrylamide gel. M13 only:
primed template preincubated with Pol alone and dCTP at 50 mM (NH4)2SO4.
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terminal 12-kDa subdomain of Pol, which does not contain
regions widely conserved among DNA polymerases, can bind
DNA and UL42 independently from the rest of the molecule
(56, 57). Certain mutations that affect this domain impair DNA
polymerase activity and in vivo replication, even though they
do not affect UL42 binding activity in vitro (8, 9). This C-
terminal 12-kDa subdomain appears to bind preferentially to
DNA ends (55); thus, it could conceivably serve as a lower-
affinity, alternative primer-binding site that might be important
during translocation.

In a second version of this model, Pol might transmit and
coordinate a conformational change in UL42, such that UL42’s
affinity for DNA would be temporarily decreased. In other
words, the DNA-binding activity of UL42 would be moderated
during the polymerization cycle in this model to allow the
holoenzyme to advance.

(ii) Sitting. In the sitting model (suggested to us by T. Kelly),
Pol-associated UL42 itself does not translocate with respect to
the DNA template but remains bound to the template up-
stream of the initial primer-binding site. Instead of Pol/UL42
moving along the DNA, the newly synthesized DNA loops and
is extruded through the catalytic subunit. Indeed, replication
factories, or focal sites of immobilized polymerizing com-
plexes, have been proposed for replication of eukaryotic DNA
(reviewed in reference 25). Lending credence to this model is
evidence that HSV DNA replication appears to be confined to
sites associated with the nucleoskeleton (7, 34, 51). Further-
more, this model predicts that the microscopic rate of elonga-
tion would be solely dependent on the chemistry of Pol, which
is consistent with our results. However, the spatial arrange-
ment of Pol/UL42 during catalysis would be rather different
from that of other polymerases. Further studies to illuminate

FIG. 6. Comparison of elongation rates of Pol and Pol/UL42. Plots were based on densitometric measurements of product bands from 5- to 500-ms reactions from
data in Fig. 5, as detailed in Materials and Methods. Panels A and B, reactions performed at 100 mM (NH4)2SO4; panels C and D, reactions performed at 50 mM
(NH4)2SO4. A and C represent median values; B and D represent 75th percentile values.
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the molecular interactions between the enzyme subunits and
DNA before, during, and after elongation would help distin-
guish between these two models.
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