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A key set of reactions for the initiation of new DNA strands
during herpes simplex virus-1 replication consists of the pri-
mase-catalyzed synthesis of short RNA primers followed by po-
lymerase-catalyzed DNA synthesis (i.e. primase-coupled poly-
merase activity). Herpes primase (UL5-UL52-UL8) synthesizes
products from 2 to ~13 nucleotides long. However, the herpes
polymerase (UL30 or UL30-UL42) only elongates those atleast 8
nucleotides long. Surprisingly, coupled activity was remarkably
inefficient, even considering only those primers at least 8 nucle-
otides long, and herpes polymerase typically elongated <2% of
the primase-synthesized primers. Of those primers elongated,
only 4-26% of the primers were passed directly from the pri-
mase to the polymerase (UL30-UL42) without dissociating into
solution. Comparing RNA primer-templates and DNA primer-
templates of identical sequence showed that herpes polymerase
greatly preferred to elongate the DNA primer by 650-26,000-
fold, thus accounting for the extremely low efficiency with
which herpes polymerase elongated primase-synthesized prim-
ers. Curiously, one of the DNA polymerases of the host cell,
polymerase « (p70-p180 or p49-p58-p70-p180 complex),
extended herpes primase-synthesized RNA primers much more
efficiently than the viral polymerase, raising the possibility that
the viral polymerase may not be the only one involved in herpes
DNA replication.

Herpes simplex virus 1 (HSV-1)> encodes seven proteins
essential for replicating its double-stranded DNA genome; five
of these encode the heterotrimeric helicase-primase (UL5-
UL52-UL8 gene products) and the heterodimeric polymerase
(UL30-UL42 gene products) (1, 2). The helicase-primase
unwinds the DNA at the replication fork and generates single-
stranded DNA for both leading and lagging strand synthesis.
Primase synthesizes short RNA primers on the lagging strand
that the polymerase presumably elongates using dNTPs (i.e.
primase-coupled polymerase activity). These two protein com-
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plexes are thought to replicate the viral genome on both the
leading and lagging strands (1, 2).

Previous studies have focused on the helicase-primase and
polymerase separately. The helicase-primase contains three
subunits, UL5, UL52, and ULS in a 1:1:1 ratio (3-5). The UL5
subunit has helicase-like motifs and the UL52 subunit has pri-
mase-like motifs, yet the minimal active complex that demon-
strates either helicase or primase activities contains both UL5
and UL52 (6, 7). Although the UL8 subunit has no known cat-
alytic activity, several functions have been proposed, including
enhancing helicase and primase activities, enhancing primer
synthesis on ICP8 (the HSV-1 single-stranded binding pro-
tein)-coated DNA strands, and facilitating formation of the
replisome (8 —12). Although primase will synthesize short (2-3
nucleotides long) primers on a variety of template sequences,
synthesis of longer primers up to 13 nucleotides long requires
the template sequence, 3'-deoxyguanidine-pyrimidine-pyrim-
idine-5" (13). Primase initiates synthesis at the first pyrimidine
via the polymerization of two purine NTPs (13). Even after ini-
tiation at this sequence, however, the vast majority of products
are only 2—-3 nucleotides long (13, 14).

The herpes polymerase consists of the UL30 subunit, which
has polymerase and 3’ — 5’ exonuclease activities (1, 2), and the
UL42 subunit, which serves as a processivity factor (15-17).
Unlike most processivity factors that encircle the DNA, the
UL42 protein binds double-stranded DNA and thus directly
tethers the polymerase to the DNA (18). Using pre-existing
DNA primer-templates as the substrate, the heterodimeric po-
lymerase (UL30-UL42) incorporates dNTPs at a rate of 150s™ ",
arate much faster than primer synthesis (for primers >7 nucle-
otides long, 0.0002-0.01 s~ ") (19, 20).

We examined primase-coupled polymerase activity by the
herpes primase and polymerase complexes. Although herpes
primase synthesizes RNA primers 2—13 nucleotides long, the
polymerase only effectively elongates those at least 8 nucleo-
tides long. Surprisingly, the polymerase elongated only a small
fraction of the primase-synthesized primers (<1-2%), likely
because of the polymerase elongating RNA primer-templates
much less efficiently than DNA primer-templates. In contrast,
human DNA polymerase « (pol «) elongated the herpes pri-
mase-synthesized primers very efficiently. The biological sig-
nificance of these data is discussed.

EXPERIMENTAL PROCEDURES

Reagents and Protein Purification—HSV-1 helicase-primase
(UL8-UL5-UL52) and His-UL8 were expressed in baculovirus-
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infected Sf9 cells grown at the Tissue Culture Core Facility at
the University of Colorado Health Sciences Center and purified
as described previously (13). Baculoviruses expressing the UL5
and UL52 subunits were generously provided by Dr. Robert
Lehman (Stanford University), and a baculovirus expression
vector for a His,-tagged UL8 subunit was generously provided
by Dr. Heidi Giordano (Tularik). The baculovirus expressing
the helicase-deficient UL5 mutant was generously provided by
Dr. Sandra Weller (University of Connecticut Health Sciences
Center). The subcomplex, UL5-UL52, was purified according
to the procedure described previously (21). Binase was a gener-
ous gift from Dr. Eric Zuiderweg (University of Michigan).

Exonuclease-deficient (exo™) UL30 was generously provided
by Dr. Deborah Parris (Ohio State University) (22). Dr. Parris
also generously provided us with the gene for UL42, to which
we added a His, tag and tobacco etch virus-protease site to the
C terminus (cloning was performed by GenScript) (23, 24). The
resulting plasmid was cloned into bacmid DNA, and expression
of the new baculovirus was performed at the Tissue Culture
Core Facility. Purification of the polymerase complex,
UL30(exo ™ )-UL42, by nickel nitrilotriacetic acid column chro-
matography followed the same protocol as described previously
(13).

We added a His, tag and tobacco etch virus-protease site to
the N terminus (cloning was performed by GenScript) of the
p70 subunit of human polymerase « (25). The resulting plasmid
was cloned into bacmid DNA and expression of the new bacu-
lovirus was performed at the Tissue Culture Core Facility. Puri-
fication of pol a (p70-p180 complex) and polymerase «-pri-
mase (p49-p58-p70-p180) by nickel nitrilotriacetic acid column
chromatography followed the same protocol as described pre-
viously (13).

Unlabeled NTPs and dNTPs were from Sigma, and radiola-
beled NTPs and dANTPs were from PerkinElmer Life Sciences.
Synthetic DNA oligonucleotides of defined sequence (Table 1)
were obtained from Oligos, Etc., or BioSearch Technologies,
Inc.; RNA oligonucleotides (Table 1) were obtained from Dhar-
macon. Oligonucleotide concentrations were determined spec-
trally and are reported in terms of 5’ termini. All other reagents
were of the highest purity available.

Primase Assay—Primase assays were performed as described
previously (13) and typically contained 15 um ssDNA template,
1 mM [@-**P]NTPs, 50 mm Tris-HCI, pH 8.0, 10 mm MgCl,, 5%
glycerol, 1 mm dithiothreitol, and 0.1 mg/ml bovine serum albu-
min. Reactions were initiated by adding 100 nm helicase-pri-
mase and quenched after 30 min at 37 °C. Products were sepa-
rated by denaturing gel electrophoresis (20% acrylamide, 7.5 M
urea) and analyzed by phosphorimagery (GE Healthcare).

Primase-coupled Polymerase Activity Assay—Primase-cou-
pled polymerase activity was measured in assays as described
above, except that they also contained 10 um [a-**P]dNTPs,
and the NTPs were unlabeled. Reactions were initiated by the
addition of 100 nm helicase-primase and 100 nm polymerase
(herpes polymerase or pol «) and incubated for 30 min at 37 °C.
After quenching the assays with an equal volume of gel loading
buffer (90% formamide), products were separated by denatur-
ing gel electrophoresis (20% acrylamide, 7.5 M urea) and ana-
lyzed by phosphorimagery (GE Healthcare). In some cases, we
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also included an RNase, binase, in an amount (33 um) sufficient
to hydrolyze any RNA primers released free in solution by pri-
mase before the polymerase could elongate them.

Primer Length Assay—To determine the length of RNA
primers elongated by the polymerase, coupled products were
visualized by phosphorimagery, followed by gel extraction
using double-distilled H,O and filtration through micro-spin
cellulose acetate membranes (PerkinElmer Life Sciences) (26).
Purified products were treated with 33 um binase for 30 min at
37 °C and reanalyzed by gel electrophoresis followed by phos-
phorimagery (GE Healthcare).

DNA Polymerase Activity Assay—DNA polymerase activity
was measured as described previously (27). Unless noted oth-
erwise, assays typically contained 1-10 um (DNA or RNA)
primer-template, 50 mm Tris-HCl, pH 8.0, 10 mm MgCl,, 1 mm
dithiothreitol, 0.1 mg/ml bovine serum albumin, 5% glycerol,
and [a-**P]dNTPs. Reactions were initiated with 1-2 nm poly-
merase for the reactions containing DNA primer-template and
20 nM polymerase for reactions containing RNA primer-tem-
plates. After 10 min at 37 °C, reactions were quenched by
adding an equal volume of gel loading buffer. Products were
separated by denaturing gel electrophoresis (20% acrylam-
ide, 7.5 M urea) and analyzed by phosphorimagery (GE
Healthcare). ANTP polymerization rates were normalized to
1 nm enzyme concentration. Kinetic parameters were deter-
mined by fitting the data to the Michaelis-Menten equation
using the program Prism (GraphPad), and errors were deter-
mined from the goodness-of-fit.

Fraction of Primers Elongated by the DNA Polymerase in Cou-
pled Activity—Primer utilization values were determined by
comparing the total moles of product synthesized in the cou-
pled assays (measured using [a-**P]dNTPs) to the total moles
of RNA primers >7 nucleotides long synthesized in the primase
assays (measured using [a-**P]NTPs) under otherwise identi-
cal conditions.

Fraction of Primers Transferred Intramolecularly—The frac-
tion of primers transferred intramolecularly was determined by
measuring the amount of coupled products formed in assays
containing binase divided by the amount of coupled products
formed in assays lacking binase.

RESULTS

Initiation of new DNA strands typically requires synthesis
of an RNA primer by primase and subsequent elongation of
the primer by a DNA polymerase (i.e. primase-coupled po-
lymerase activity). To better understand the mechanism by
which the herpes replication machinery accomplishes this
task, we analyzed primase-coupled polymerase activity in
assays containing the primase-helicase complex, DNA poly-
merase, NTPs to allow primer synthesis, and dNTPs for
primer elongation. In the presence of [a-**P]NTPs and the
herpes polymerase, primase synthesizes primers 2—13 nucle-
otides long (Fig. 1A4), similar to the results with assays con-
taining just the primase-helicase complex. When assays con-
tained NTPs and [a->?P]dNTPs, radiolabeled products
~35-40 nucleotides long were produced on the ssDNA tem-
plate, 3'-d(T,,GTCCTy4)-5" (Table 1). This length corre-
sponds to the distance from the primase initiation site (3'-
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FIGURE 1. Herpes primase and primase-coupled polymerase activities on
3'-d(T,,GTCCT;¢)-5'. A products of primase-coupled polymerase assays
were measured in assays containing enzymes as noted, and either [a->2P]GTP
or [a-*?P]dATP as noted, and were performed as described under “Experi-
mental Procedures.” Product lengths (shown) were determined using
5'-[*?P]dA,, as a marker, as well as pppApG and pppApGpA synthesized
using human primase, ATP, and [a-32P]GTP. B, length of the RNA primers
elongated by the polymerase during primase-coupled polymerase activity
was determined in assays containing primase-helicase, 3'-d(T,,GTCCT54)-5,
NTPs, [a->2P]dNTPs, and either herpes polymerase (UL30-UL42) or human pol
a. Lane 1 shows the coupled products. A small fraction of the coupled prod-
ucts were gel-extracted (lane 2) and treated with binase (lane 3) as described
under “Experimental Procedures.” Product lengths (shown) for herpes poly-
merase-herpes primase-coupled activity were determined using 5'-[*?P]dA,,
as a marker. Product lengths (shown) for pol a-herpes primase coupled activ-
ity were estimated using 5’-[*?P]dC,,. In this, and subsequent gel images,
sections taken from different parts of a larger gel are separated. nts,
nucleotides.

GTCQC) to the 5'-end of the template. Omitting either the
NTPs, primase-helicase complex, or the polymerase elimi-
nated these products, indicating that the formation of these
long products requires both primase and polymerase activity
(Fig. 14).2

Herpes Polymerase Only Elongates Primase-synthesized
Primers at Least 8 Nucleotides Long—To determine the length
of RNA primers necessary for elongation by the herpes poly-
merase, we added an RNase, binase,* to the full-length products
of the coupled assay to hydrolyze both unelongated RNA prim-
ers and the RNA portion of the polymerase-elongated RNA
primers. Fig. 1B shows that binase treatment shortens the full-

3 Herpes primase can polymerize dNTPs as well as NTPs, although incorpora-
tion of dNTPs results in strong chain termination (Fig. 1A) (53). Incorpora-
tion of a dNTP into a short product also changes its electrophoretic mobil-
ity. Thus, the new radiolabeled products observed in assays containing
[a-*2P]dNTPs result from incorporation of a dNTP by primase.

4 Binase is a single-stranded RNase very closely related to barnase (54) and
will hydrolyze RNA after both G and A. The ability of binase to hydrolyze
double strand RNA primer-templates presumably arises from the transient
fraying of the ends of the primer along with the high concentrations used
in these assays.
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length products of coupled activity by at least 8 nucleotides,
indicating that the herpes polymerase only efficiently elongates
primase-synthesized RNA primers >7 nucleotides long to full-
length product.

Herpes Polymerase Very Inefficiently Elongates Primase-syn-
thesized Primers—The rate of primase-coupled polymerase
activity on the template 3'-d(T,,GTCCT¢)-5" was remarkably
slow. Assuming that the full-length products are on average 40
nucleotides long and the average primer length associated with
these products is 10 nucleotides long, the rate of full-length
product synthesis was <<1% of the rate at which primase gener-
ated primers >7 nucleotides long (see Fig. 14). These data sug-
gest that the herpes polymerase elongated less than 1% of the
longer primers. Similar low efficiencies of primer utilization
were observed on three other templates (Table 2).

We considered the possibility that inefficient coupled activ-
ity resulted from the relatively low dNTP concentration used
(10 wm). Varying the dNTP concentration from 10 to 90 um
slightly increased the rate of coupled activity and the fraction of
primers elongated (around 2-fold in each case, Fig. 2). However,
even at 90 um dNTPs, the herpes polymerase elongated only
<2% of the primase-synthesized primers.

To further test this conclusion, we performed primase and
primase-coupled polymerase assays using [a->?P]NTPs * unla-
beled dNTPs to directly observe primer synthesis. Including
dNTPs to allow the polymerase to elongate primers resulted in
no detectable change in the amount of long primers, and the
amount of radiolabel in products ~40 nucleotides long was
below the limits of detection (control experiments that
included [a-**P]dNTPs showed that the polymerase-elongated
products were formed, Fig. 14).° Moreover, titrating in increas-
ing amounts of polymerase (to a 4-fold molar excess over pri-
mase) did not significantly increase the amount of long RNA
primers utilized (=1% in all cases, data not shown). Thus, the
herpes polymerase only elongates a surprisingly small fraction
of the primase-synthesized RNA primers.

Primer Transfer from Herpes Helicase-Primase to the Polym-
erase (UL30-UL42) Is Partially Intramolecular—To provide
insights into both the mechanism and low efficiency of pri-
mase-coupled polymerase activity, we examined the mecha-
nism of RNA primer transfer from the primase to the polymer-
ase active site. To determine whether primer transfer occurred
intramolecularly or intermolecularly, we included an RNase,
binase, in the coupled reaction. Binase serves to hydrolyze any
RNA primers released into solution prior to elongation by the
polymerase (Scheme 1) (28). If the RNA primer is transferred
intramolecularly such that the two complexes prevent binase
from hydrolyzing the primer (i.e.“channeled” from primase
directly to the polymerase), the polymerase will still elongate
the primer even in the presence of binase. Alternatively, if
either the RNA primer is transferred intermolecularly (i.e. pri-
mase releases the primer into solution and the polymerase then
binds and elongates it) or the primer becomes accessible to

® Products due to primase-coupled polymerase activity can be detected
much more readily when using [a->2P1dNTPs due to their having an ~100-
fold higher specific activity than the [a->2PINTPs and that each product will
contain ~30 [*?PIdNMPs versus just 2 [>?PINMPs.

JOURNAL OF BIOLOGICAL CHEMISTRY 1525



Herpes Primase-coupled Polymerase Activity

TABLE 1

DNA template and primer-template sequences

d (T20GTCCT34) 3 -PTTTTTTTTTTTTTTTTTTTGTCCTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT -5
d {T2;GCCCCAT;7) 3 =TTTTTTTTTTTTTTTTTTTTGCCCCATTTTTTTTTTTTTTTTIT-5"

d {C2pGTCCA9) 3 -CCCCCCCCCCCCCCCCCCCCGTCCAAARAAAARAARANARARA-S!

d (TCTG) 15 3" -TCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTG-5"
RNA7 5" —r (GGGGUARRA) -3’

3 —TTTTTTTTTTTTTTTTTTTTGCCCCATTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 5"

DNA; 5" -d (GGGGTARA) -3/
3" =TTTTTTTTTTTTTTTTTTTTGCCCCATTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT~5"
RNA» 5/ -r (GGGGURAA) -3'
3" =TTTTTTTTTTTTTTTTTTTTGCCCCATTTTCTATCTATCTATCTATCTATCTA-5
DNA» 5" -d (GGGGTARAA) -3’
3 =PTTTTTTTTTTTTTTTTTTTGCCCCATTTTCTATCTATCTATCTATCTATCTA-S
TABLE 2

Primase-coupled polymerase activity with the herpes polymerase (UL30 or UL30-UL42)

Primase-coupled polymerase activity (% primers utilized and % primers transferred) was measured for each primase/polymerase pair at equivalent molar concentrations of
each enzyme with the exception of studies using UL5-UL52 that contained 400 Nm UL5-UL52 and 100 NM polymerase.

Primase Polymerase DNA template Primers utilized Primers transferred intramolecularly”
% %

UL5-UL52-UL8 UL30-UL42 T,,GTCCT,4 0.6+1.1 0.039 *+ 0.026
UL5-UL52-UL8 UL30 T,,GTCCT,4 03+0.1 ND?
UL5-UL52-UL8 (Hel ) UL30-UL42 T,,GTCCT 4 1.6 0.26
UL5-UL52-UL8 (Hel ) UL30 T,,GTCCT,, 0.3 ND
UL5-UL52 UL30-UL42 T,,GTCCT,4 <0.2 ND
UL5-UL52 + UL8 UL30-UL42 T,,GTCCT 4 0.9 +05 0.036
UL5-UL52¢ UL30-UL42 T,,GTCCT,, 0.0015 = 0.0005 ND
UL5-UL52 + ULS8¢ UL30-UL42 T,,GTCCT,4 0.34 = 0.07 0.025 = 0.018
UL5-UL52/UL8 UL30-UL42 T,,GCCCCAT,, 3.6+ 0.4 0.94
UL5-UL52-UL8 (Hel ) UL30-UL42 T,,GCCCCAT,, 2.6 0.23
UL5-UL52¢ UL30-UL42 T,,GCCCCAT,, 0.008 = 0.002 0.004: = 0.0005
UL5-UL52 + ULS8¢ UL30-UL42 T,,GCCCCAT,, 0.34 = 0.02 0.05 = 0.01
UL5-UL52-UL8 UL30-UL42 C,,GTCCA,, <0.2 ND
UL5-UL52-UL8 UL30-UL42 (TCTG),5 0.4 ND

“The percentage of primers transferred was calculated as a percentage of the primers utilized by the polymerase in each case, i.e. of the 0.6% of the primers synthesized by
UL5-UL52-UL8 and further elongated by UL30/UL42 on 3-d(T»,GTCCT3)-5, only 0.039% were transferred intramolecularly to UL30-UL42.

” ND indicates no detectable products in the presence of binase.

¢ These assays contained 1 um dNTPs instead of 10 um dNTPs to increase the specific activity of the [a->P]dNTPs in order to allow quantitation of primase-coupled polymerase

activity.

A B

§1 25 it

g - E 1.004

0.75 g ity ’
% L]

0.50 E 0.50+

e 2 025

Eoas 3 0259

3 -

- T T I ' 25 % 75 100

[ANTP] (uM) [dNTP] (uM)

FIGURE 2. Effects of increasing the dNTP concentration on primase-cou-
pled polymerase activity. Assays contained primase-helicase, polymerase
(UL30-UL42), 3'-d(T,,GTCCT;¢)-5', and either [a-*PINTPs or NTPs and
[a->2P]dNTPs to measure primase activity and primase-coupled polymerase
activity, respectively. Coupled activity was measured in terms of pmol of dATP
incorporated. The fraction of primers elongated was determined as described
under “Experimental Procedures.”
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binase during intramolecular transfer, then binase will hydro-
lyze the primer before the polymerase can elongate it.
Including binase in either primase assays containing just
UL5-UL52-UL8 or coupled activity assays containing UL5-
UL52-UL8 and just the UL30 polymerase subunit resulted in no
detectable products (Fig. 3). Thus, a 330-fold molar excess of
binase will completely hydrolyze the primase-synthesized
primers and ensure hydrolysis of all the RNA primers before the
polymerase can elongate them. Additionally, these data indi-
cate that primer transfer between primase and UL30 solely
occurred either via an intermolecular process or the primers
became accessible to binase during an intramolecular transfer.
On the other hand, when the coupled activity assays contained
the heterodimeric polymerase (UL30-UL42), 7% of those prim-
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ers elongated by the polymerase were protected from binase
during coupled assays on the template 3'-d(T,,GTCCT,;)-5
(Fig. 3 and Table 2).° On the template 3'-d(T,,GCCCCAT,.)-
5', up to 26% of the RNA primers used by the polymerase were
transferred intramolecularly. Thus, although primer transfer
between the primase and the polymerase proceeded solely via
an intermolecular process when the isolated UL30 polymerase
was used, the transfer occurred at least partially via an intramo-
lecular process when the dimeric polymerase (UL30-UL42) was
used. Furthermore, preincubating the primase and polymerase
complexes with each other and/or the ssDNA template did not
affect the mechanism or efficiency of transfer, indicating the
two enzyme complexes do not need to interact before primer
synthesis for intramolecular primer transfer to occur (data not
shown and Fig. 3).

Effects of Helicase Activity on Primase-coupled Polymerase
Activity—The herpes helicase and primase activities are not
independent of one another (6, 7, 29). Helicase and primase
both require the UL5 and UL52 subunits, and mutating UL5 to
block helicase activity can stimulate primase activity of the
resulting UL5-UL52 complexes (30). Additionally, the helicase
could potentially dissociate the RNA primer-template gener-
ated by the primase, thereby interfering with the ability of the
polymerase to elongate the primer. To determine whether heli-
case activity affects primase-polymerase coupled activity, we
utilized a heterotrimeric primase (UL5-UL52-ULS8) lacking
helicase activity because of a point mutation (G102V) in the
helicase-like motif I in the UL5 subunit (30).

In coupled assays on the template 3'-d(T,,GTCCT,,)-5'
containing the helicase-deficient UL5-UL52-UL8 complex, the
polymerase (UL30-UL42) still elongated very few of the >7
nucleotide-long RNA primers (1.6%), slightly higher than dur-
ing coupled activity with the wild-type helicase-primase (0.6%,
see Table 2). Of those primers that the polymerase had elon-

¢ Two additional control reactions indicate that the amount of binase used
was sufficient to prevent the polymerase from using any primase-synthe-
sized primers released into solution. First, varying the binase concentra-
tion from 3.3 to 33 um did not alter the fraction of primase-synthesized
primers elongated by UL30-UL42. Second, and as will be described in
greater detail later, binase prevented pol «, an enzyme that uses RNA prim-
er-templates orders of magnitude more efficiently than herpes polymer-
ase, from elongating the herpes primase-synthesized primers.
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FIGURE 3. Mechanism of primer transfer during primase-coupled poly-
merase activity. Assays were performed as described under “Experimental
Procedures” and contained the template 3'-d(T,,GTCCT54)-5', NTPs,
[a->2P]dNTPs, and the noted enzymes. Product lengths (shown) were deter-
mined as described in Fig. 1A. The spots present in the lanes, including binase,
are most likely a result from binase modifying a product generated by the
interaction of primase with either [a->P]dNTPs or with a radiolabeled con-
taminant in the [a->?P]JdNTPs (2nd lane), because they do not appear in the
binase-only lane (7st lane).

gated, 16% of them were transferred intramolecularly to the
dimeric polymerase (UL30-UL42). In contrast, only 6.5% of the
primers elongated by the polymerase were transferred intramo-
lecularly from wild-type primase-helicase to the polymerase.
However, on another DNA template, 3'-d(T,,GCCCCAT,.)-
5', only 9% of the RNA primers elongated by the polymerase
had been passed intramolecularly in assays containing the
mutant helicase-primase, whereas 26% were transferred
intramolecularly in assays containing the wild-type helicase-
primase. These data suggest that depending upon the template,
an active helicase may interfere with direct transfer of primers
between the helicase-primase and polymerase.

Effect of UL8 on Coupled Activity—To determine whether
coupled activity requires UL8, we examined primase-coupled
polymerase activity using the minimal helicase-primase com-
plex lacking UL8 (ie. UL5-UL52). Because of the greatly
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decreased primase activity of the UL5-UL52 complex as com-
pared with the UL5-UL52-UL8 complex, the amount of poly-

merase-elongated primers could not be accurately quantified in
assays containing 10 um [a->?P]dNTPs. Thus, to quantitatively
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FIGURE 4. UL8 stimulates primase-coupled polymerase activity with the
core primase-helicase (UL5-UL52). Primase-coupled polymerase assays
contained 3'-d(T,,GTCCT54)-5, either UL5-UL52-UL8 or UL5-UL52, and also
contained other proteins (UL8, UL30-UL42, and binase) as noted. A, relative
primase activity using [a->2PINTPs. B, primase-coupled polymerase activity
using [a->2PIANTPs. Product lengths (shown) were determined using
5'-[*?P]dA,, and 5’-[*2P1dC,, as markers.

TABLE 3

compare coupled activity using either UL5-UL52 or UL5-
UL52-ULS, assays contained 1 um [a-**P]dNTPs of a much
greater specific activity than if they contained 10 um dNTPs,
although the lower dNTP concentration decreases the effi-
ciency of primer utilization (Fig. 4 and Table 2). Consistent with
previous studies (9, 31), adding UL8 to primase assays (Fig. 44)
greatly stimulated primase activity. Additionally, including an
equimolar concentration of UL8 in coupled assays containing
UL5-UL52 increased the fraction of primers elongated by
UL30-UL42 (~40-230-fold (Table 2)), although this fraction
remained pathetically low (<1% primers used). Thus, UL8 both
stimulates primer synthesis by herpes primase along with
primer utilization by the herpes polymerase.

UL30 and UL30-UL42 Prefer to Elongate DNA Primers
Rather than RNA Primers—Previous studies on herpes poly-
merase have used DNA primer-templates, whereas primase
produces RNA primer-templates. Because an inability to
efficiently elongate RNA primers could explain the surpris-
ingly low efficiency of coupled activity, we determined
whether the type of primer used by the polymerase, RNA or
DNA, affected polymerase activity. Polymerase activity was
measured on chemically synthesized DNA and RNA primers
having the same sequence, 5-d(GGGGTAAA)-3" and
5'-GGGGUAAA-3’, hybridized to the same DNA template,
3'-d(T,,GCCCCATTTT,,)-5". This primer and template were
chosen because upon annealing to the template, the resulting
primer-template would mimic the sequence of a herpes pri-
mase-generated primer-template (Table 1). Additionally, this
template also gave the most efficient primer usage by the herpes
polymerase during primase-coupled polymerase activity.
Assays contained either the monomeric UL30 or dimeric
UL30-UL42 polymerase. Importantly, both UL30 and UL30-
UL42 polymerized dNTPs much more efficiently onto DNA
primers than onto RNA primers (by 650- and 26,000-fold,
respectively, Table 3). The huge preference for DNA primer-
templates did not result from the concentration of primer-tem-
plate in the reaction. In assays containing 1, 5, or 10 uM primer-

Polymerase activity measured on DNA primer-templates and RNA primer-templates (see Table 1 for sequence information)

Polymerase assays contained 1 nm of the noted enzyme.

Enzyme Primer-template Vonax K,, (ANTP) Vinax! Kozt Vinax! Ky (DNA)/ V. /K, (RNA)
pmol ANTP/nm enzyme/h M

UL30 DNA, (5 um) 39.1 (2.0) 9.40 (1.65) 4.2 650
UL30 RNA, (5 um) 73.5 (11.5) 11,400 (2900) 0.0065
UL30-UL42 DNA, (10 um) 1.92 (0.10) 0.17 (0.04) 11.3 26,000
UL30-UL42 RNA, (10 um) 3.61 (0.64) 8200 (2600) 0.00044
UL30-UL42 DNA, (1 um) 0.57 (0.02) 0.21 (0.03) 2.7 10,000
UL30-UL42 RNA, (1 um) 1.93 (0.53) 7300 (3700) 0.00026
pol a DNA, (5 um) 7.22(0.17) 8.18 (0.68) 0.88 0.85
pol a RNA, (5 um) 7.50 (0.20) 7.20 (0.69) 1.04
UL30 DNA, (5 um) 11.5 (0.4) 3.84(0.59) 3.0 2200
UL30 RNA, (5 um) NM“ NM 0.00138
UL30-UL42 DNA, (5 um) 1.15 (0.04) 0.39 (0.04) 2.9 13,000
UL30-UL42 RNA, (5 um) 0.41 (0.04) 1800 (550) 0.00023
UL30-UL42 DNA, (1 um) 0.35 (0.04) 0.52(0.25) 0.67 4500
UL30-UL42 RNA, (1 um) 0.60 (0.04) 4000 (610) 0.00015
pol a DNA, (5 um) 2.86 (0.10) 3.17 (0.47) 0.90 1.0
pol a RNA, (5 um) 2.34 (0.06) 2.62 (0.30) 0.89

“NM indicates not meaningful because the rate increased linearly with increasing ANTP concentrations.
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template, herpes polymerase showed a similar preference for
the DNA primer-template (Table 3).

To control for the possibility that these data resulted from
some unusual property of the specific RNA primer-template
tested, we also examined the ability of human pol «, an
enzyme previously shown to efficiently elongate both RNA
and DNA primers, to use these primer-templates (32). Con-
sistent with previous work, pol « showed only a slight pref-

.
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FIGURE 5. Primase-coupled polymerase activity between herpes primase
and human pol a. Assays were performed as described under “Experimental
Procedures” and contained the template 3'-d(T,,GTCCT;4)-5', NTPs,
[a->2P]dNTPs, and the noted enzymes. Product lengths (shown) were esti-
mated using 5'-[*?P1dA,, and 5'-[*?P]dC;, as markers.

TABLE 4
Primase-coupled polymerase activity with human pol «

Herpes Primase-coupled Polymerase Activity

erence for RNA primers (Table 3). Thus, the differences
between herpes polymerase-catalyzed elongation of RNA
and DNA primers likely does not result from the RNA
primer adopting an unusual structure.

We also tested the possibility that the sequence of the DNA
template being copied resulted in the preference of herpes po-
lymerase for the DNA primer. However, herpes polymerase
also greatly preferred the DNA primer on the template
3'-d(T,,GCCCCATTT(TCTA),)-5', indicating that the tem-
plate sequence being copied does not affect the preference for
DNA primers (Table 3).

Human pol a Utilizes Herpes Primase-synthesized RNA
Primers More Efficiently than the Herpes Polymerase—Because
human pol « (as the p70-p180 complex) uses RNA primer-
templates much more efficiently than the herpes polymerase,
we examined whether pol a could also elongate herpes pri-
mase-synthesized RNA primers. Replacing the herpes polym-
erase with pol a in the coupled reactions resulted in a profound
increase in the amount of primase-coupled polymerase activity,
consistent with the ability of pol « to use RNA primer-tem-
plates more efficiently than UL30-UL42 (Fig. 5 and Table 4). In
comparison, an equimolar concentration of another DNA po-
lymerase, Klenow fragment (exo ) of Escherichia coli DNA po-
lymerase I, only elongated 1/6 as many herpes primase-gener-
ated primers as did pol a on 3'-d(T,,GTCCT,)-5'".
Furthermore, if one corrects for the much higher activity of
Klenow fragment than of pol «, Klenow fragment elongated
50-fold fewer primers than did pol « in assays containing equal
amounts of dNTP polymerizing activity.

Coupled activity between the herpes primase and pol , how-
ever, resulted in shorter products than coupled activity between
herpes primase and herpes polymerase, presumably because of
the relatively low processivity of pol « (Fig. 5) (33). Although the
primers were transferred intermolecularly from herpes primase
to pol a (>99%), pol « utilized 20 -30% of the primase-synthe-
sized primers compared with the 1% used by the herpes poly-
merase (Fig. 5 and Table 4). Eliminating the helicase activity of
the primase-helicase complex did not affect coupled activity
between herpes primase and pol a. However, comparing pri-
mase-coupled polymerase assays containing the UL5-UL52 pri-
mase complex versus the UL5-UL52-UL8 complex revealed
that the presence of UL8 increased primer utilization by pol «

Primase Polymerase DNA template Primers utilized Primers Transferred Intramolecularly
% %
UL5-UL52-ULS8 (Hel ") pol a T,,GTCCT 4 19 <0.001“
UL5-UL52-UL8 pol a T,,GTCCT 4 29 £ 11 <0.001
UL5-UL52-UL8 pol a-primase T,,GTCCT,, 18x5 b
UL5-UL52-UL8 UL30-UL42 + pol « T,,GTCCT 4 105 0.12 * 0.06
UL5-UL52-UL8 UL30-UL42 + pol a-primase T,,GTCCT,, 8§+3 -
UL5-UL52 pol T,,GTCCT,4 79*07 <0.001
UL5-UL52 + UL8 pol T,,GTCCT 4 319 <0.001
UL5-UL52-UL8 pol a (TCTG),5 55+ 17 ND*
UL5-UL52 pol (TCTG),5 1.6 0.9 ND
UL5-UL52 + UL8 pol a (TCTG),5 33+07 ND

“ Data are below the limit of detection.

? In assays containing pol a-primase, the human primase dose generate small amounts of primers that pol & elongates, and primer transfer between human primase and pol «
occurs intramolecularly (28). This small amount of coupled activity between the human primase and pol a would therefore confound attempts to identify direct primer transfer

from herpes primase to pol a.
¢ ND indicates no detectable products in the presence of binase.
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2—4-fold on two different templates (Table 4). These data sug-
gest that UL8 may enhance utilization of UL5-UL52-synthe-
sized primers by pol «. Under all conditions tested, pol « uti-
lized the primase-synthesized RNA primers much more
efficiently than the herpes polymerase.

In vivo, pol a typically forms a complex with the cellular
primase (p49-p58). To determine whether the presence of the
human primase subunits affected the capacity of pol « to elon-
gate herpes-primase-synthesized primers, we tested pol a-pri-
mase (p49-p58-p70-p180) in the coupled assays. Because assays
would now contain two potential sources of primers (herpes
and human primase), we needed to control for the possibility
that products would result from the combined activity of
human primase and pol a. Importantly, control experiments
containing only pol a-primase showed that the human primase
did not synthesize detectable amounts of primers in assays con-
taining [a->*P]NTPs. In primase-coupled polymerase assays
containing only pol a-primase, NTPs, and [«->*P]dNTPs, only
small amounts of coupled products were detected (<1% of
those observed in assays containing herpes primase and pol ).
The ability to detect products from primase-coupled polymer-
ase activity but not primase activity alone likely results from the
much higher specific activity of the [a-*?P]JdNTPs than
[a-*2P]NTPs, and that each coupled product contains many
more radiolabeled dANMPs than NMPs. Pol a-primase showed
the same enhanced coupled activity with herpes primase and
utilized 15-25% of the herpes primase-synthesized RNA prim-
ers as did pol « by itself (Table 4).

In light of the highly efficient utilization of herpes pri-
mase-synthesized primers by pol «, albeit with low proces-
sivity, and the ability of the much higher processivity herpes
polymerase to completely copy the template, we examined
the possibility that a two-polymerase system containing both
pol a and UL30-UL42 would give highly efficient herpes
primase-dependent replication of these templates. In assays
containing herpes primase-helicase, UL30-UL42, and either
pol a (p70-p180) or pol a-primase (p49-p58-p70-p180), two
primary changes occurred relative to assays lacking one of
the polymerases. First, compared with assays containing
only pol «, the relatively short products due to coupled activ-
ity between herpes primase and pol « greatly decreased. Sec-
ond, the amount of full-length products (i.e. those due to
complete copying of the template from the primer initiation
site to the 5'-end of the template) increased dramatically
relative to assays that contained only herpes polymerase (Fig.
5). Thus, the combined activities of herpes primase, pol «,
and herpes polymerase provide a relatively efficient system
for replicating templates containing an initiation site for
herpes primase.

Including binase in the two polymerase-coupled assays
showed that of the primers elongated by the polymerases, only
1.2-1.9% of them had been transferred intramolecularly to one
of the polymerases, a much lower percentage of intramolecular
transfer than when assays contained just herpes polymerase.
This value reflects both the small amount of primase-synthe-
sized primers directly elongated by herpes polymerase as well as
the much larger amount elongated by pol a. Thus, the low per-
centage presumably indicates that in the two polymerase-cou-
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pled assays, most of the elongated primers were initially trans-
ferred intermolecularly to pol « and relatively few were
transferred intramolecularly to herpes polymerase.

DISCUSSION

When HSV-1 infects eukaryotic cells, it shuts down replica-
tion of the host genome and turns on replication of its own
genome during its lytic cycle (1). To achieve viral DNA replica-
tion, herpes encodes seven essential proteins, including its own
helicase-primase (UL5-UL52-UL8) and DNA polymerase
(UL30-UL42) (1, 2). Here we explored the elongation of herpes
primase-synthesized RNA primers by both herpes polymerase
and the nuclear DNA pol a.

Surprisingly, the herpes polymerase was remarkably ineffi-
cient at using primers synthesized de novo by herpes helicase-
primase. Even though primase predominantly synthesizes
dinucleotides and trinucleotides, the polymerase only elongates
those primers at least 8 nucleotides long. More surprisingly, at
equimolar concentrations, the polymerase typically utilizes
<1% of these longer RNA primers (>7 nucleotides). This
occurs even though the polymerase polymerizes dNTPs onto a
DNA primer much faster than primase synthesizes longer RNA
primers (13, 20). Addition of the polymerase processivity fac-
tor, UL42, does not significantly change either the rate of ANTP
polymerization or the fraction of RNA primers elongated in
primase-coupled polymerase assays (Table 2). Therefore, the
vast majority of primase-synthesized primers is simply released
into solution.

A curious feature of herpes polymerase, both in the presence
and absence of UL42, is its relative inability to elongate RNA
primers. Because initiation of the leading strand and lagging
strand synthesis both presumably require elongation of an RNA
primer, and herpes provides its own primase activity, one would
have expected herpes polymerase to effectively elongate both
RNA and DNA primers. Potentially, this inefficient elongation
of RNA primers could result from either the 2'-hydroxyl of the
ribose directly interfering with the polymerase, or the very dif-
ferent structures that DNA:DNA and RNA:DNA duplexes
adopt (34, 35). Importantly, however, this low efficiency of RNA
primer utilization can account for the low efficiency of coupled
activity between herpes primase and herpes polymerase.

The slow rate of elongation may partially result from ineffi-
cient transfer of the RNA primer from the primase complex to
the polymerase. Including an RNase in the assays to hydrolyze
any primers released into solution by the primase completely
blocked primer elongation by the monomeric UL30 polymer-
ase, indicating that primase does not directly transfer primers
to UL30. However, when the polymerase is complexed with
UL42, a portion of RNA primer transfer occurs intramolecu-
larly, without the primers dissociating from primase before
transfer to the polymerase. Thus, UL42 alters the mechanism of
primer transfer. However, even though some of the primers are
transferred intramolecularly, the process still remains remark-
ably inefficient (<1% of the long RNA primers elongated).

The direct, intramolecular transfer from primase to UL30-
UL42 indicates that the polymerase and primase complexes
must directly interact. Consistent with this requirement, previ-
ous studies have shown direct interactions between the UL30 of
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the polymerase complex and UL8 of the helicase-primase com-
plex (36). Indeed, this interaction could account for the
increased utilization of primase-generated primer-templates
by the UL5-UL8-UL52 complex (or UL5-UL52 + UL8) as com-
pared with the UL5-UL52 complex.

It remains unclear why intramolecular primer transfer to the
polymerase only occurred in the presence of UL42. Because
both UL30 and UL30-UL42 utilize RNA primer-templates
rather poorly, intramolecular transfer is not a consequence of
more efficient primer utilization by the UL30-UL42 complex
compared with UL30 alone. In light of the ability of UL42 to
directly bind duplex DNA, one possibility is that UL42 also
interacts with the helicase-primase complex to form an
extended channel that serves to direct the primer-template
between the primase and UL30 active sites, thereby protecting
it from hydrolysis (37). UL42 might also be located very near the
active site of primase such that when primase releases a newly
generated primer-template, proximity allows UL42 to bind it.
Alternatively, binding of UL42 to UL30 may alter how UL30
interacts with the helicase-primase complex.

The utilization of relatively long primers during primase-
coupled polymerase activity is a feature of nuclear DNA repli-
cation. Pol « only efficiently elongates RNA primers at least 7
nucleotides long even though eukaryotic primase synthesizes
large amounts of primers as short as 2 nucleotides long (28, 38).
Additionally, primers are transferred intramolecularly between
pol @ and primase (28), analogous to the results with the herpes
primase and polymerase (UL30-UL42) complexes. In the T7
bacteriophage, studies have similarly suggested direct “hand-
off” of the RNA primer from gp4 helicase-primase to the lag-
ging strand polymerase (39, 40).

Analogous to the role UL42 plays to assist in intramolecular
primer transfer, it has been suggested that the processivity fac-
tor of pol III, B, may also facilitate RNA primer transfer during
DNA replication in E. coli (40). DnaG primase synthesizes
primers 8 —14 nucleotides long during lagging strand synthesis
(41, 42). However, when pol III is added, shorter primers (<10
nucleotides) are more predominant (40). As a result of this
change in primer length, it has been proposed that primer
lengths may be controlled in Okazaki fragment synthesis, and
the processivity factor, 3, facilitates the access of pol III to the
3’-end of the primer and facilitates the transfer of the RNA
primer (40).

Perhaps the most intriguing result was the efficient elonga-
tion of herpes primase-synthesized primers by human pol a. In
eukaryotic cells, pol a exists in a tightly bound pol a-primase
complex (p49-p58-p70-p180) and is thought to initiate synthe-
sis of all new DNA strands via primase-coupled pol «a activity
(43, 44). Consistent with this role, pol « elongates RNA primer-
templates and DNA primer-templates with similar efficiency
(see below and Ref. 32). Pol « also elongates herpes primase-
synthesized RNA primers much more efficiently than herpes
polymerase. Whereas either UL30 or UL30-UL42 typically
elongated <1% of the herpes primase-synthesized primers, an
equal amount of pol « (measured in terms of ANTP polymeriz-
ing activity) elongated a much higher percentage (20-30%) of
these primers. Unlike when UL30-UL42 elongates the primers,
however, binase very effectively prevented pol « from elongat-

JANUARY 16, 2009 +VOLUME 284+NUMBER 3

Herpes Primase-coupled Polymerase Activity

ing the primer-templates. Thus, either the RNA primers are
transferred intermolecularly to pol « (i.e. being released by pri-
mase and pol « re-binding the primer) or primer transfer
occurs intramolecularly, but the primer becomes solvent-ex-
posed such that binase can hydrolyze it. The presence of human
primase neither enhanced nor inhibited utilization of herpes
primase generated primer-templates, consistent with previous
studies demonstrating the independence of individual pol «
and primase activities (28).

A priori, it remains unclear why herpes polymerase elongates
primase-synthesized primers so inefficiently, particularly
because herpes primase is a relatively slow enzyme (14). Possi-
bly, herpes replication requires minimal levels of coupled activ-
ity, especially if initiation of new DNA strands largely occurs via
a recombination mechanism (45). Alternatively, this low effi-
ciency may indicate that these minimal assays containing just
the helicase-primase and polymerase complexes lack critical
component(s). For example, herpes encodes other replication
proteins (UL9, UL29, etc.) that could modulate the ability of the
polymerase to elongate primase-synthesized primers, or the
herpes replication machinery might recruit a cellular factor to
enable it to efficiently elongate an RNA primer.

Finally, and perhaps the most intriguing hypothesis, is that
herpes replication requires pol « activity. This mechanism
would be analogous to eukaryotic nuclear replication where (at
least) two different polymerases are involved in synthesizing
Okazaki fragments on the lagging strand and, presumably, lead-
ing strand initiation. After primase synthesizes an RNA primer,
pol a polymerizes ~15 dNTPs to generate a “DNA primer.” Pol
anow dissociates, and pol /e continues DNA synthesis (46). In
the case of herpes replication, herpes primase would synthesize
a primer that pol a elongates. After pol a dissociates, herpes
polymerase, a high processivity polymerase analogous to the
cellular pol 6/¢, performs the bulk of the DNA synthesis. Inter-
estingly, when primase-coupled polymerase assays contained
both pol @ and herpes polymerase, templates containing a her-
pes primase initiation site were efficiently and completely rep-
licated, a result very different from when assays lacked either
DNA polymerase. Finally, any proposal to involve pol « in her-
pes replication would likely require the formation of a complex
involving herpes polymerase, pol «, and herpes primase-heli-
case. This would be analogous to cellular replication that
appears to involve large, multienzyme complexes containing
three DNA polymerases (i.e. pol a-primase, pol 8, and pol € in
the human DNA synthesome (47, 48)).

We are not aware of any iz vivo data that directly demon-
strates a requirement for pol « activity during herpes DNA
replication, and studies using inhibitors are equivocal on this
issue. For example, treating herpes-infected cells with either
aphidicolin or araA, two compounds that inhibit both herpes
polymerase and pol « (in the case of araA, araATP is the inhib-
itor), results in the selection of resistant virus due to mutations
in the polymerase. Compared with wild-type viruses, the
respective resistant viruses are around 15-fold less sensitive to
aphidicolin and 4-fold less sensitive to araA (49, 50). Unfortu-
nately, the sensitivity of the polymerases from the resistant
viruses to these inhibitors has not been characterized, and
hence it remains unclear if changes in polymerase sensitivity
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correlate with changes in viral drug resistance. Thus, the partial
resistance to these compounds could be due to either the her-
pes polymerase having a relatively low level of resistance or that
herpes replication involves another drug-sensitive polymerase.
Two other observations, however, provide support for the pos-
sible involvement of pol «. First, Lehman and co-workers (51)
demonstrated that UL9, the HSV-1 origin-binding protein,
interacts with pol «, thus providing a potential mechanism to
recruit pol « to initiation sites. Second, immunofluorescence
studies indicate that herpes replication compartments contain
pol @ (52). Although it is conceivable that pol « accidentally
becomes entrained in replication compartments, it seems more
likely that herpes specifically recruits the enzyme. We are pres-
ently exploring the possibility that pol « plays an essential cat-
alytic function in herpes replication.
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