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ABSTRACT. We investigated the effects of sSDNA template sequence on both primer synthesis and NTP
hydrolysis by herpes simplex virus 1 helicaggimase. Primer synthesis was found to be profoundly
dependent upon template sequence. Although not absolutely required, an important sequence feature for
significant production of longer primers (beyond four nucleotides in length) is a deoxyguanylate
pyrimidine—pyrimidine (3-G-pyr-pyr-53) triplet in the template. The deoxyguanylate serves both to direct
primase to initiate synthesis opposite the adjacent pyrimidine and to dramatically increase primer length.
While primase synthesized significantly more long primers on those templates containing a G-pyr-pyr
triplet, the enzyme still synthesized massive quantities of di- and trinucleotides on many templates containing
this sequence. Varying the sequences around the G-pyr-pyr recognition sequence dramatically altered
both the rate of primer synthesis and the fraction of primers longer than four nucleotides, indicating that
primase must interact with both the G-pyr-pyr and flanking sequences in the template. In contrast to the
large effects that varying the template sequence had on primase activity, sSDNA-dependent NTPase activity
was essentially unaffected by changes in template sequence, including the presence or absence of the
G-pyr-pyr trinucleotide. In addition to hydrolyzing NTPs the NTPase could also hydrolyzé-teeniinal
phosphate from newly synthesized primers.

Since all known DNA polymerases are unable to initiate HSV-1 replication and can modify the catalytic properties
DNA synthesis de novo, primer synthesis is almost always of the UL5/UL52 subcomplexg; 8, 20). Potential activities
a vital component of DNA replicatior®( 3). DNA primases of UL8 include (1) stimulating primase and helicase activities
synthesize short RNA oligonucleotides that DNA poly- (21, 22), (2) overcoming the inhibition of NTPase and
merases further elongate via dNTP polymerization. During primase activities caused by coating ssDNA with the HSV-1
herpes DNA replication, the herpes DNA polymerase ssDNA binding protein, ICP&@, 23), (3) recruiting HSV-1
elongates the'30H of a short RNA primer synthesized by helicase-primase to origins of replication via interaction with
a herpes-encoded DNA primasé—6). the origin binding protein, UL924), and (4) recruiting the

The herpes simplex virus 1 (HSV#primase activity =~ HSV-1 DNA polymerase (UL30/UL42 complex) to the
resides within a three-subunit helicaggimase complex and ~ HSV-1 helicase-primase via interactions with UL3@H(5).
is essential for HSV-1 DNA replication6(-8). This het- Direct primer synthesis by HSV-1 helicasprimase has
erotrimeric complex consists of three gene products, UL8, been observed on three ssDNAs (M¥3174 and pBS),
UL5, and UL52, and contains primase, ssDNA-dependent producing primers up te-10—13 nucleotides in lengthl(
NTPase, and'5-3 helicase activitiesg, 8—11). Although 4,11, 12, 14, 16, 21). Interestingly, primer synthesis occurred
many conserved helicase motifs have been identified in theonly at discrete sites on these long ssDNAs, therefore
UL5 subunit (2, 13) and two conserved primase motifs in indicating that HSV-1 helicaseprimase has specific template
the UL52 subunit 14—16), individually the subunits lack  requirements for primer synthesis. The principal sites of
either activity @, 17, 18). Only complexes containing both  HSV-1 primer synthesis have been identified for both the
UL5 and UL52 retain the activities of the heterotrimeric pBS and¢pX174 templates, 25). Furthermore, sequence
protein @, 17, 18). While the UL8 subunit neither binds DNA  variations of thepX174 site significantly affected HSV-1
nor possesses catalytic activityg( 19), it is essential for primer synthesisl). Template length, on the other hand,

did not appear to impact primer synthesis as greatly. In fact,

T This work was supported by National Institutes of Health Grants prlme_r synthesis \_Nas Obser_ved fqr SSDNA templates as short
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GM64264 (K.AR.). observed on templates of defined sequence, the feature(s)
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dependent NTPase activity. While length and quantity of sulfonyl fluoride, and 15 mM imidazole). Afte2 h of
primers produced varied significantly with template se- incubation while being slowly shaken, the mixture was added
quence, template sequence had little effect on the rate ofto a poly-prep chromatography column (Bio-Rad). The beads
NTPase activity. Furthermore, the sequence of the templatewere washed with 20 mL of buffer A, followed by 20 mL
that actually coded for the primer as well as regions flanking of buffer B (buffer A with 30 mM imidazole), and the protein
the primer synthesis site greatly affected primase activity. eluted from the beads with buffer C (buffer A with 200 mM
The implications of these results with respect to the mech- imidazole). Positive fractions (5Q€L), identified by Brad-

anism of HSV-1 helicaseprimase are discussed. ford reagent, were combined and dialyzed overnight against
20 mM Tris-HCI, pH 8.0, 10 mM NacCl, 10% glycerol, 1
EXPERIMENTAL PROCEDURES mM DTT, 1.5 mM MgC}, 2 ug/mL leupeptin, and 29/
) mL pepstatin A. The enzyme solution was stored a[10
Materials aliquots at—80 °C. The identity of the enzyme was verified

by Western blotting with antibodies against the UL8, UL5,
and UL52 subunits. The enzyme purity was determined to
be >95% by SDS-polyacrylamide gel electrophoresis and
Coomassie Blue staining.

Primase Assay4Jnless otherwise noted, reaction mixtures
(10uL) contained 50 mM Tris-HCI, pH 8.0, 10 mM Mgg&l
1 mM DTT, 0.1 mg/mL bovine serum albumin, 5% glycerol,
6 uM ssDNA template, 50uM [a- or y-32P]NTPs, and
100-500 nM HSV-1 helicaseprimase. Reactions were
initiated by adding enzyme, incubated at®7for 1 h, and
then quenched by adding 1.25 volumes of gel-loading buffer
O(90% formamide). Control reactions that lacked enzyme were
conducted under identical conditions. Products were sepa-
rated by denaturing polyacrylamide gel electrophoresis (20%
polyacrylamide 8 M urea) and visualized by phosphor-
imagery (Molecular Dynamics). ImageQuant software (Mo-
lecular Dynamics) was utilized for quantitative analysis of

SF9 cells were obtained from the Tissue Culture Core
Facility at the University of Colorado Cancer Center.
Baculoviruses expressing the UL5 and UL52 subunits and
monoclonal antibodies for the UL8, UL5, and UL52 subunits,
a baculovirus for expressing UL5MI, and a baculovirus
expression vector for a Higagged UL8 subunit were
generously provided by Dr. Robert Lehman (Stanford
University), Dr. Sandra Weller (University of Connecticut
Health Center), and Dr. Heidi Giordano (Tularik), respec-
tively. Baculoviruses were amplified and titered by the Tissue
Culture Core Facility at the University of Colorado Cancer
Center. Human primase (p58/p49) was expressed and purifie
as previously describe@6). Synthetic templates of defined
sequence were obtained from Oligos Etc. Concentrations of
ssDNA templates were determined spectrally and are given
in terms of 3-termini. F2P]NTPs were purchased from New
England Nuclear. Shrimp alkaline phosphatase (SAP) was ™
purchased from Amersham Life Science, T4 polynucleotide Primer products.

kinase (PNK) was from New England Biolabs, and leupeptin .Primer StandardsPrimer standards produced _by hqman
and pepstatin A were from Sigma. All other reagents were Primase (p58/p49) were loaded concurrently with primase
of the highest purity available. assays on denaturing polyacrylamide gels. A ladder of

adenylate primers (i.e., pppApA, pppAPApPA, pppAPAPApPA)
Methods was produced by incubating a reaction (l0) containing

50 mM Tris-HCI, pH 8.0, 10 mM MgCl, 1 mM DTT, 0.1

Expression and Purification of HSV-1 Helicaserimase. mg/mL bovine serum albumin, 2QM [a-*2P]JATP, 1uM

We expressed and purified the enzyme using a modification dT4o, and 200 nM human primase at 3¢ for 30 min. The
of a previously published procedur@7( 28). SF9 cells reaction was then quenched with 2.5 volumes of gel-loading
(2 x 10°) were coinfected with three baculoviruses contain- buffer (90% formamide). A ladder of pppG(pGprimers
ing the genes for HisUL8 (mafF 5), UL52 (moi= 10), and was produced in a similar manner, except that reactions now
either UL5 (moi= 10) or UL5MI (moi= 10), respectively. contained 200uM [o-32P]GTP and 1uM C3R template
At 48 h postinfection, the cells were removed from the instead of ATP and di (29). pppApG and pppApGpA
medium by centrifugation (10 min at 1gband resuspended primer standards were produced similarly except that reac-
in 45 mL of ice-cold cell wash buffer (20 mM HEPES, pH tions now contained 200M [o-*?P]JATP and GTP and either
7.6, 150 mM NaCl, and 1 mM DTT). The suspension was 1uM d(TCA)z [for pppApG only B0)] or 1 uM d(TCTA)1s5
centrifuged for 10 min at 12band the cell pellet collected.  (for both pppApG and pppApGpA). A pApG primer was
The cells were then snap frozen in(N and stored at-80 produced similarly except that reactions contained 2 mM
°C. The cells were thawed just enough to be resuspended inAMP, 200uM [a-*?P]GTP, and uM d(TCA)y (31).
8 mL of ice-cold lysis buffer (0.1% Nonidet P-40, 400 mM Dinucleotide Verification Experimererimase assays were
NaCl, 20 mM Tris-HCI, pH 8.0, 5% glycerol, 8 mM performed on the templates d(Gd)and d(TCTA)s as
B-mercaptoethanol, 1.5 mM Mggll mM phenylmethane-  described above, except that 2D reaction volumes were
sulfonyl fluoride, 5ug/mL leupeptin, and kg/mL pepstatin used. Likewise, primer standards, pppApG and pApG, were
A), left on ice for 15 min, and then sonicated for 5 min in  produced by human primase as described above, except that
an ice bath using a Branson 1510 sonicator. All remaining 20 L reaction volumes were used instead. Rather than
steps were performed at°€. After sonication, the cellular  quench the reactions with gel-loading buffer, primase was
debris was removed by centifugation%218 min at 1175g). heat inactivated at 63C for 10 min. For each reaction, 4
The supernatant fluids were then applied to 2 mL of Ni- uL was then placed in 12.6L of gel-loading buffer, and
NTA agarose beads (Qiagen) which had previously been13 uL was incubated with 1 unit of SAP at 3TC for 30
equilibrated with buffer A (0.1% Nonidet P-40, 400 mM min. The SAP was then heat inactivated at €5 for 15
NaCl, 20 mM Tris-HCI, pH 8.0, 5% glycerol, 8 mM  min, and SuL was mixed with 12.5:L of gel-loading buffer.
B-mercaptoethanol, 1.5 mM Mgg&Ill mM phenylmethane-  Six microliters of the remaining solution was supplemented
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with 1.5 uL of a solution containing 16.6 mM Mggl167

mM Tris-HCI, pH 7.6, and 66aM ATP prior to the addition

of 10 units of T4 PNK. The resulting mixture was incubated

at 37 °C for 30 min and then quenched with 128 of

gel-loading buffer. The products from all steps of the

experiment were then separated by denaturing polyacryla-

mide gel electrophoresis (20% polyacrylami@&M urea) 10
and visualized by phosphorimagery (Molecular Dynamics).

DNA-Dependent NTPase AssaReactions (1@:L) con-
tained the same components as the primase assays, except
where noted. In all cases, 100 nM HSV-1 helicapgmase
was used, except for DNA concentration studies where only
10 nM enzyme was used. Reactions were initiated by adding
enzyme. After 60 min at 37C, 0.75 mL of an acidic
ammonium molybdate/malachite green solution (3:1 mixture
of 0.045% malachite green hydrochloride and 4.2% am- 3
monium molybdateri 4 M HCI) was added to detect the
formation of free phosphat®,(32). After precisely 3 min,
the absorbance at 650 nm was measured.

Experiment Verifying Renzal of the 3-Terminal Phos-
phate from a PrimerHuman primase was used to produce
oligo(G) ladders (pppGpG, pppGpGpG, pppGpGpGpéG, etc.)
labeled with either ¢-32P]GTP or [-*?P]GTP as described
above, except that reaction volumes were:L3Rather than
guenching with gel-loading buffer, the human primase was
heat inactivated at 68C for 10 min. After heat inactivation,
one reaction (for each radiolabel) receivedl2of distilled Nudeotide Label
water while another reaction (for each radiolabel) received
2 ul of 3.4 uM HSV-1 helicase-primase. After 3, 15, and
60 min at 37°C, 3.5uL of each mixture was removed and Ficure 1: HSV-1 primer synthesis on thgX174 50mer. Assay
guenched i L ofgetoading bufter The preducts om0, AL kpsncs o S0
all steps of the experiment were th.en separated by den.atu“ninzyme in each assay is ﬁoted.pThe electrophoretic mobility of
polyacrylamide gel electrophoresis (20% polyacrylamide, 8 qjigoguanylates [pppG(p@)is shown to the left of the image. It

M urea) and visualized by phosphorimagery. should be noted that the base composition of the products will affect
their electrophoretic mobility.

Enzyme + - 4+ - + - 4+ - + - 4 -

[c-32P] GTP
[c-*2P] CTP
[c-2P] UTP

[y-32P] ATP
[y-32P] GTP

RESULTS
. . . ) ) , Figure 1, radioloabeled primers were observed when using
As menthned in 'ghe introduction, t.he d|§c_r¢te snes_where either [-3P]GTP or [-*P]JATP to detect primer synthesis
HSV-1 helicase-primase preferentially initiates primer o thesx174 50mer template. Therefore, primer initiation
synthesis on the pBS sSDNA[[GTCCTTCCG.> (25)] and on thepX174 50mer template must occur opposite both a

, 5
the $X174 ssDNA F..GCCCTCCCATC.% (1), Table 2] 4005510 deoxycytidylate and a template thymidylate. Inter-
have been |dent|f|gq._ C_ompgnng the sequence of these twoestingly, initiation using ATP as the-ferminal nucleotide
reported template initiation sites (underlined above) revealedoccurred about eight times more frequently than initiation
three similarities: (1) in both cases, primer initiation began

; S using GTP.

opposite a template pyrimidine; (2) the template sequence ) ) )
just after the initiation site is pyrimidine rich, and (3) a _ Radiolabeled primers were generated using batfp]-
noncoding template deoxyguanylate is found just prior to CTP and UTP, indicating that primase incorporates both
the base that codes for the-tBrminal nucleotide of the  nucleotides into primers (Figure 1). However, little, if any,
primer. radiolabeled products two nucleotides in length were detected

Primer Synthesis on thgX174 50mer Using Various USiNg either §-*P]JCTP or p-**PJUTP, suggesting that
Radiolabeled NucleotidesAlthough the ¢X174 50mer ~ Primase does not readily polymerize these NTPs during
template has previously been reported to have only oneformation of the pppNpN dinucleotide. When assays con-
initiation site [opposite a template deoxycytidylaid]( we tained either ¢-*P]JATP or [a-3?P]GTP, labeled products
found that more than one initiation site must exist. We as short as two nucleotides were readily detected, consistent
initially examined primer synthesis on thgX174 50mer  With the results using)-*P]JATP and -3P]GTP, showing
template (“unmodified” sequence in Table 2) using a variety that primase indeed polymerizes these nucleotides during
of radiolabeled nucleotidesof*?P]ATP, [0-3P]GTP, p-32P]- dinucleotide synthesis. Surprisingly, however, assays con-
CTP, [0-32P]JUTP, [y-3?P]ATP, and §-3?P]GTP. While the taining [0-32P]NTPs exhibited products of altered electro-
[a-32P]NTPs will label all primers that contain this nucle- phoretic mobility as compared to assays containingP]-
otide, the }-*?PINTPs will only label those primers that NTPs. As will be discussed later, this results from the
contain the radiolabeled nucleotide at the primesril since NTPase activity of the primaséelicase complex hydro-
only this nucleotide retains itg-phosphate. As shown in lytically removing they-phosphate from short primers.
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Table 1: Synthetic ssDNA Templates Used

d(CT)o SCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCFCT
d(TCTA)1s STCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTAY
d(TCTG)s STCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTG
d(TCTCTA)o STCTCTATCTCTATCTCTATCTCTATCTCTATCTCTATCTCTATCTCTATCTCTATCTCTA
d(TCTCTG)o STCTCTGTCTCTGTCTCTGTCTCTGTCTCTGTCTCTGTCTCTGTCTCTGTCTCTGTCTCTG
d(TCTCTCTCTCA} STCTCTCTCTCATCTCTCTCTCATCTCTCTCTCATCTCTCTCTCATCTCTCTCTCATCTET
d(TCTCTCTCTCGy STCTCTCTCTCGTCTCTCTCTCGTCTCTCTCTCGTCTCTCTCTCGTCTCTCTCTCGTCTCT
d(GTC)o SGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTC
d(GCC)o ¥GCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGECGLC
d(GCTho ¥GCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCT
d(GTT)o SGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGYT
d(GCCC)s ¥GCCCGCCCGCCCGCCCGCCCGCCCGCCCGCCCGCCCGLCCCGLCCGLLeGLeecGeeeasecee
d(GTTT)s SGTTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGT T

dCyo ¥CCCCCCCCreeeeeeeeeeeeceeeeceececccececececece

d(C,GTCsy) ¥CCGTCCCCCCCeeeeeeeeeeeeeeeeecceeeecceeecceeecece

d(CoGTCy) ¥CCCCCeeeeeeeeeeeeeeeaTeeeeeeeceeecceeeccece

d(CATC2) ¥CCCCCCCCceeecccCCCCCCATCCCCCCeceeeecceeeccece

d(C0GACz) ¥CCCCCeeeeeeeeeeccCCCGACceeeeeeeecececceececece

d(C0GTAC0) ¥CCCCCCCCCCCCCCCCCCCCGTACCCCCCCeeeeeeeccecece

d(CoGTTCy0) ¥CCCCeeeeeeeeeeeeeeeeaGTTCCCeeeeeeecceeececcecee

d(CoGCTGy) ¥CCCCCCCCCCCCCCCeeeeealTCeeeeeeceeeeceececececece

d(C0GCyo) ¥CCCCCceeeeeeeeeeeceeaeeeeceeeeceeececcceccecce

d(A20GTC,y) SAAAAAAAAAAAAAAAAAAAAGTCCCCCCCCCCCeeeeceeceeee

d(CoGTCAz) ¥CCCCCCCCCCCCCCCCCCCCGTCAAAAAAAAAAAAAAAAAAAANY

d(A20GTCAL) SAAAAAAAAAAAAAAAAAAAAGTCAAAAAAAAAAAAAAAAAAAA ¥

d(C0GTCCAw) ¥CCCCCCCCCCCCCCCCCCCCGTCCAAAAAAAAAAAAAAAAAAK

d(T20GTCTa) STTTTTTTTTTTITTTITTTITTITGTCTTTTITTTITTTITTITITTITTTITT

d(T20GTCCTyg) STTTTTTTTTTTTTTTTITTTITGTCCTTTTTTTTITTTITITTITTITTT

d(T20GTCGy) STTTTTTTTTTTTTTTTTTTITGTCGGGGGGGGGGGGGGGGGGBG

dTao STTTTTTTTTTTTITT T T T T T T I I T TITTITITITTTITITITTITTITIT

CiR SGTAGCATCCCGTAGCATCCCGTAGCATCCCGTAGCATCCC

d(TCA)20 STCATCATCATCATCATCATCATCATCATCATCATCATCATCATCATCATCATCATCATCAY
d(CCA)o ¥CCACCACCACCACCACCACCACCACCACCACCACCACCACCACCACCACCACCACCACCA

Importance of Template Deoxyguanylate for Primer continued to produce far greater quantities of longer primers
SynthesisA noncoding template deoxyguanylate is found than the templates lacking deoxyguanylate. Therefore, tem-
just prior to the previously reported primer initiation sites plate deoxyguanylates are important for elongation of short
for both the¢X174 and pBS viral ssDNAs (see above and primers into longer products.
refs 1 and 25). To assess the importance of a template  To gain further information about the initiation sites of
deoxyguanylate for HSV-1 primase activity, primer synthesis HSV-1 primer synthesis on the d(Gg,) d(TCTA).s, and
was compared on a series of 60mer ssDNA templates withd(TCTG),;s templates, primer synthesis was again compared
the following repeating sequences (writtent@ 5): CT, using various radiolabeled nucleotides (Figure 2C). With all
TCTA, TCTG, TCTCTA, TCTCTG, TCTCTCTCTCA, and three templates, primer synthesis began almost exclusively
TCTCTCTCTCG (Table 1). As shown in Figure 2A, large opposite a template thymidylate, as evidenced by the large
quantities of dinucleotides and some 3mer and 4mers wereamounts of labeled products generated usjrgfP]JATP and
produced on all of the templates in assays containing 500lack of products detected using-f?P]JGTP. The large
uM NTPs and 6uM DNA. However, only those template  quantities of dinucleotide primers observed with*fP]ATP,
sequences containing deoxyguanylate supported the synthesifor all three templates, comigrated with d-gppApG
of significant quantities of primers with lengths greater than dinucleotide standard, again consistent with initiation oc-
four nucleotides. curring opposite a template thymidylate. Furthermore, pri-

To determine if a lack of longer primer synthesis for the mase synthesizes small to undetectable quantities of dinu-
non-deoxyguanylate templates was due to insufficient quanti- cleotide primers when labeling withaf*?P]CTP for the
ties of NTPs or template, primer synthesis was again template d(TCTG) and [¢-3?PJUTP for the template
compared at (1) 502M NTPs and 3QuM DNA and (2) 2 d(TCTA):5 suggesting that primase does not readily poly-
mM NTPs and 6uM DNA. Increasing the template  merize these NTPs during dinucleotide formation. Together,
concentration from 6 to 30M DNA (while NTPs remained  these data indicate that, on d(TCRA)and d(TCTGys,
at 500uM), increased neither the quantity nor average length primase greatly prefers to initiate primer synthesis opposite
of primers (data not shown), indicating thatu®1 DNA the template thymidylate on thé &ide of a template purine.
saturates the enzyme. In fact, the rate of primer synthesis The data in Figure 2C also reveal that the dinucleotide is
with only 300 nM d(TCTG)s was similar to that at &M the primary product of primer synthesis, even when the
DNA, indicating that the enzyme has a very ldty, for template contained a deoxyguanylate. Since only the 5
DNA. Increasing the NTP concentration from 5001 to 2 terminal nucleotide of the primer retains igsphosphate,
mM (while DNA concentration remained agé/) increased labeling products with)f-32P]NTPs results in incorporation
the rate of primer synthesis by ca. 3-fold and resulted in of one3?P per primer, regardless of length. Hence, comparing
detectable quantities of longer primers for the non-deoxy- the intensities of the bands for each length product gives
guanylate templates (Figure 2B). Even under these condi-the relative molar amount. In each case, the dinucleotide is
tions, however, the templates containing deoxyguanylate by far the most intense band.
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Ficure 2: Template deoxyguanylate is important for long primer synthesis by HSV-1 primase. Primase assays, as described under
Experimental Procedures, containedP]GTP, 100 nM enzyme, M DNA, and either (A) 50Q«M NTPs or (B) 2 mM NTPs. Control
reactions, labeled as-{, were conducted identically but lacked enzyme. (C) Primase assays contained the noted radiolabeledNNTP, 6
DNA, and 200 nM enzyme [except those lanes labetedwhich lacked enzyme]. Primer length (in nucleotides) and the migratory position

of pppApG, as determined by standards, are noted to the left and right of the images, respectively.

Table 2: Modifications to th@X174 50mer Template Sequerce

unmodifiedpX174 SGTTTCCTATTTGTAGTATCCGTCAGCCCTCCCATCAGCCTTGGCTTCTFC
X174 A STTTTCCTATTTTTATTATCCGTCAGCCCTCCCATCATCCTTTTCTTCTTE
¢X174 B STTTTCCTATTTTTATTATCCGTCAACCCTCCCATCATCCTTTTCTTCTTE
¢X174 C STTTTCCTATTTTTATTATCCATCAGCCCTCCCATCATCCTTTTCTTCTTE
¢X174 D STTTTCCTATTTTTATTATCCATCAACCCTCCCATCATCCTTTTCTTCTTE
¢X174 E STTTTCCTATTTTTATTATCCGCCAGTCCTCCCATCATCCTTTTCTTCTTE

a Changes from theX174 A sequence are shown in bold, and initiation sites are underlined.

Verification of Dinucleotide Primer Product3.o ensure on thepX174 50mer was the appearance of primers labeled
that the products identified as dinucleotides on the basis of by both [-32P]JATP and §-3?P]GTP. Since under these
their identical electrophoretic mobility with standards were, conditions only the 5terminal nucleotide of the primer
in fact, dinucleotides, several additional control experiments becomes labeled, these results indicated that primase initiated
were performed (Figure 3). For simplicity, two templates primer synthesis at, minimally, two different locations on
were chosen that primarily resulted in the formation of the ¢X174 50mer. Examining the sequence of €174
dinucleotides: d(CTp, and d(TCTA)s. The presumed 50mer (see unmodified sequence in Table 2) revealed the
pppApPG dinucleotide primers were treated with SAP to presence of a'8GTC-5, identical to the sequence where
remove any phosphate(s) on thet&minus of the primer.  primase initiates on pBS and d(TCT) (As will be
As expected for a dinucleotid81), the resulting product  described in greater detail below, a trinucleotide is a key
exhibited much lower electrophoretic mobility and comi- initiation sequence for the enzyme.) To probe primer
grated with an ApG standard (Figure 3). This product was initiation opposite both the template thymidylate in tHe 3
then treated with polynucleotide kinase and ATP, conditions GTC sequence and the previously reported deoxycytidylate
that should result in the addition of a single phosphate to in the sequence'&CC (1), we studied the impact of
the B-terminus. The products now exhibited increased selective¢pX174 50mer sequence modifications. For each
electrophoretic mobility and comigrated with a pApG modification (shown in Table 2), we compared primer
standard. Together, these experiments show that the productsitiation with ATP to initiation with GTP by labeling with
initially identified as dinucleotides are true dinucleotides. [y-*?P]JATP and §-3?P]GTP, respectively.

Identification of a Second Primer Initiation Site on the The first modification (templateX174 A), replacement
¢X174 50merA surprising feature of our initial experiments  of all template deoxyguanylates with thymidylate except
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Ficure 3: Verifying the |dent|ty_ of dinucleotide primers. Experi- Label BB B BB BB BE BE BE
ments were performed as described under Experimental Procedures PR R R R

Dinucleotide primers labeled witlwf3?P]GTP were produced with
100 nM HSV-1 helicaseprimase on (A) d(CTy and (B) d(TC-

Ficure 4: Effects of modifying thesyX174 50mer on the location

TA):s The resulting pppApG dinucleotides appear as doublets due ©f Primer initiation. Primase assays were performed as described
to hydrolysis of the primer 'Ssend phosphate (see Figure 6 and under Experimental Procedures and contained 500 nM enzyme
associated text). (C) pppApG and (D) pApG standards labeled with €xcept those lanes labeled background, which lacked enzyme.
[-32P]GTP were produced using human primase as described undef”"imer lengths in nucleotides (as determined by standards) are
Experimental Procedures. All four products were exposed to SAP indicated on the right-hand side of the gel and templates at the top

(which removed all 5end phosphates to produce ApG) followed
by PNK (which adds a single phosphate to tHeteBminus to
produce pApG).

those at the two anticipated initiation sites, had virtually no
measurable effect on primer initiation or product distribution
in reactions containing eithery*2P]JATP or [y-32P]GTP
(Figure 4). Then, we systematically eliminated either or both
the 3-GTC and 3-GCC initiation sites ¢X174 B, $X174

C, and¢X174 D) by replacing the deoxyguanylates with
deoxyadenylates. Replacing both deoxyguanylates virtually
eliminated the synthesis of all long products and reduced
the amount of short products synthesized in assays containin
either [-3?P]JATP or [y-32P]GTP (Figure 4,¢pX174 D).
Conversion of only the GCC site to ACC (templai¥174

B) had no measurable effect on primer synthesis wittra 5
terminal adenylate; however, primer synthesis with'a 5
terminal guanylate was almost completely obliterated. Nearly
the opposite occurred when only the GTC was converted to
ATC (templatepX174 C). Now, primer synthesis with a-5
terminal adenylate decreased dramatically while primer
synthesis with a'sterminal guanylate increased slightly (1.4-
fold, average from four experiments). Together, these data
indicate that two primary sites of HSV-1 primer initiation
exist on thepX174 50mer, opposite the previously reported
deoxycytidylate in the GCC sequendg &s well as opposite
the thymidylate in the neighboring GTC sequefcEhe
effects of eliminating the deoxyguanylate in each sequence
also provide further evidence of the key role this residue
plays during primer synthesis.

To address whether the preference for one primer initiation
site versus another on tiX174 50mer template was a result
of template sequence at the initiation site or position in the
template, the positions of the two initiation sites were
switched (compareX174 A and¢X174 E). Similar to the

of the gel.

original X174 50mer template, primase initiated synthesis
using ATP about nine times more frequently than GTP on
¢X174 A (Figure 4). Interestingly, upon switching thé 3
GCC and 3GTC initiation sites $X174 E), the identity of
the B-terminal nucleotide of newly synthesized primers also
switched. Now, primase initiated primer synthesis using GTP
about four times more frequently than ATP (Figure 4). Thus,
altering the sequences surrounding an initiation site signifi-
cantly affects the ability of primase to use that site.

Primer Synthesis on Templates with Repeating Deoxy-

gguanylate—(Pyrimidine)gorg SequencesRapid primer syn-

thesis on the template d(TCT{salong with the observation
that on thepX174-derived templates primer synthesis began
at the 3-GCC and 3GTC sequences suggested that a
template deoxyguanylate followed by two or three pyrim-
idines was important for primer synthesis. Therefore, we
measured primer synthesis on a series of 60mer templates

2Two likely explanations exist for why Tenney and co-workers did
not detect this second initiation sitd)( First, since they mapped
initiation sites using the enti@X174 DNA, sequences and/or secondary
structure outside of the 50mer sequence may have altered initiation
specificity. Alternatively, these results could have resulted from
mapping initiation sites by elongating the RNA primers using T7 DNA
polymerase and then comparing the length of restriction fragments to
DNA markers of known length. Considering that the two initiation sites
(GTC and GCC) are only separated by five bases opXir4 template
and the presence of RNA in a polynucleotide can alter its electrophoretic
mobility, RNA/DNA strands resulting from either initiation site would
appear nearly identical in length. Furthermore, initiation at the GTC
initiation site explains why short primer products10 nucleotides)

were observed when Tenney et al. utilized the’{P]JUTP label with
the X174 50mer template (Figure 2B of r&f. While initiation at the

GCC site does not code for UTP insertion into the primer until the
eighth base, initiation at the GTC site codes for UTP insertion at only

the third base.
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Ficure 5: (A) Primer synthesis preferentially initiates opposite the template thymidylate efGI{C,,). Assays were performed as described

under Experimental Procedures. For each radiolabeled NTP tested, reactions with and without 300 nM enzyme are shown side by side. (B)
Effects of varying the sequence of the template, @83 C,;) on primer synthesis. Assays were performed as described under Experimental
Procedures and contained 300 nM enzyme except the lane labeled background, which lacked enzyme. Quantitation of the rate of primer
synthesis for each template is provided in Table 3. The length of primer standards [ppgGgp®}ed to the right of the image. Since
pPPA(pA), and pppG(pG)of identical lengths migrate differently, the migration of pppA(pA} also noted in parentheses.

consisting of repeating 35CCC, GTTT, GTC, GCC, GCT,  observed withy-32P]ATP comigrate with the longer products
or GTT sequences. While all of these templates could supportobserved with@-3P]JGTP. The short primers observed with
primer synthesis, primer lengths and rates of synthesis varied[a-3?P]GTP are likely not detected withy{*?P]JATP since,
tremendously and in ways not easily rationalized. For as described below (Figure 6), the NTPase activity of HSV-1
example, while d(GCG) is a relatively poor template for  helicase-primase removes thé-p-phosphate of short prim-
primer synthesisy(= 4.1 h'%), d(GCCC)s is an excellent  ers. Interestingly, the location of the initiation site in the
template ¢ = 20 h'%). In contrast, d(GTT) supports avery  d(CoGTC,) template is clearly important, since moving the
high rate of primer synthesis (= 62 h1), while the rate GT sequence to near thé é&d of the template resulted in
supported by d(GTTT} is significantly less 4 = 18 h'). negligible levels of primer synthesis [{GTC,,), Figure 5B,
The different rates of primer synthesis were likely not due Table 3].
to the experimental conditions since varying the template We systematically varied the sequence of @I C,;) and
concentration from 6 to 3@M had little to no effect on examined the effects on primer synthesis. Those effects are
primer synthesis and increasing the NTP concentration fromdiscussed below and are qualitatively shown in Figure 5B.
500uM to 2 mM only slightly increased the rate of primer Since the amount ofo-3P]GTP label incorporated into
synthesis €2-fold). primers (shown in Figure 5B) varies with the coding template
Systematic Study of the Effects of Template Sequence osequence, quantitative analysis of the rates of primer
HSV-1 Primer SynthesisSince ssDNA templates with  synthesis requires one to correct for the number of radio-
repeating sequences are likely to contain multiple HSV-1 labeled nucleotides present in the primer (Table 3).
primer initiation sites, we synthesized a template with a single  To confirm the critical role of the template deoxyguanylate
preferred initiation site to study the effects of template followed by the two pyrimidines, we replaced the template
sequence. This template, d¢GTC,;), contains a single  deoxyguanylate, thymidylate, and following deoxycytidylate
deoxyguanylate previously shown to be critical for primer of d(C,0GTCy1) individually with deoxyadenylate to generate
synthesis. Figure 5A shows that primer synthesis preferen-d(C,0ATC21), d(CxoGAC;1), and d(GoGTAC,). In all three
tially begins opposite the thymidylate on this template since cases, primer synthesis was essentially eliminated (Figure
(1) greater quantities of primers are detected wjth%P]- 5, Table 3). Primer synthesis levels diminished when
ATP than either§-*2P]GTP or p-*2P]CTP (direct compari-  changing the TC to TT and CT [d¢g5TTCy0) and d(Go-
son of band intensities observed for these three labels iINnGCTGC,)] but remained about the same when changing to
Figure 5A is possible since each primer can contain at mostCC [d(CGGCyy), Figure 5, Table 3]. Interestingly, of these
one ¥P from each $P]NTP) and (2) the primer products three templates [d#GTTCy), d(CoGCTCy), and d(Go-
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A B C [y-3?P]GTP. The results from those experiments indicate that,
[+IPIGTP [0 P]GTE despite changes in template sequence, the first pyrimidine
T 3 following the template deoxyguanylate preferentially codes

for the B-terminal nucleotide of the primer (data not shown).
- Just as varying the sequence of tHel8oxyguanylate
- - - pyrimidine—pyrimidine (G-pyr-pyr) initiation sequence sig-
- - nificantly impacted primer synthesis, varying the regions
adhse - flanking this sequence strongly impacted primer synthesis

(Figure 5, Table 3). Replacing the first 20 template deoxy-

) e - cytidylates with deoxyadenylates [d{#&TC,;)] decreased
PpGpGpGpG- - - . . .
PPPGPGPGPG- = cascs — long primer synthesis, whereas replacing the last 20 template
ppapGPG- R deoxycytidylates with deoxyadenylates [@{GTCA,)] both
PPPUPGPG- M -a. " significantly increased total primer synthesis and decreased

- e primer length. A combination of effects was observed when
P - PPAPG- h both flanking regions were replaced with deoxyadenylates;
o PPPAPC not only were the primers shorter but the quantities were

Exposure Time (min) o o ngmnge

to primase-helicase Tmefui) SR¥SRIT increased [in comparison to G TC,1)]. Since replacing
a Tg = both flanking regions with thymidylate also resulted in a
z Be = dramatic increase of short primers [d{GTCT,)], we

B

hypothesized that the larger number of relatively weak A
FiGURe 6: The NTPase activity of HSV-1 helicasprimase base pairs generated during primer synthesis one(C
removes the ‘Sterminal phosphate of short primers. A ladder of GTCA) and d(TsGTCTa) destabilized interactions between

primers of the sequence pppG(pGyere produced on R by : : ; ; ;
human primase as described under Experimental Procedures an ne growing primer and the template. Consistent with this

then exposed to herpes primaselicase. In (A), the primers were ~ NYPothesis, altering the sequences slightly to permit an
labeled with f-32P]GTP such that only the'Berminal nucleotide ~ additional GC base pair [d(@GTCCA) and d(ho-

of pppG(pG) was radiolabeled, while in (B) the primers were GTCCT,g)] significantly increased long primer synthesis.
labeled with p-32P]JGTP such that all nucleotides of pppG(pG) Curiously, increasing potential-G base pairs by replacing

were radiolabeled. The products prior to treatment with herpes . - _
primase-helicase are also shown (zero exposure time). Control the last 20 thymidylates of dgdGTCTs) with deoxygua

experiments showed that herpes primaiselicase does not syn- ny|at? [to produce dFGTCGy)] decreased primer SythESiS
thesize detectable amounts of primers gRQata not shown). In  considerably. Therefore, although greateC@ase pairing
(C), primer synthesis on d(TCT&)y 100 nM wild-type primase can enhance longer primer synthesis, a large number of

e s e, 2 o,y EORYGUaYIales I the prier synthesis sie may be prob-
enzyme is also shown (background). Primer identities are noted tolematic. To control for the possibility that changing the
the left of the images. flanking sequences changed where primase initiated primer

synthesis, we again compared primer synthesis using either

Table 3: Rate of Primer Synthesis for Each Template in Figure 5B [y-*P]JATP or [y-*P]GTP. Primase only generated labeled
primers when assays contained®fP]ATP, consistent with

all primers primers>6 nucleotides

template (h1) (hy) primase initiating synthesis opposite the first pyrimidine
dCa 08 0.02 (thymidylate) after the template deoxyguanylate.
d(C,GTCuy) 1.0 0.03 The NTPase Remes the 5Phosphate of Short Primers.
d(CoGTC) 3.0 0.24 A curious feature of primer synthesis was that the shorter
gg%géTAccﬂ)) (1)-2 8-85 primer products appeared as “doublets” when assays con-
d(CioGTAélzo) 10 003 tained p-*?P]NTPs (e.g., Figure 3), but only the faster
d(CooGTTCao) 1.0 0.02 migrating species were observed if assays contaipéeH]-
d(C2oGCTCro) 2.1 0.07 NTPs (e.g., Figure 5A). To test the hypothesis that this
d(C2oGCz2) 2.8 0.26 resulted from hydrolysis of the primet-6nd phosphate by
ggé;gglgﬁo) 139 8:2; the NTPase activity of the helicasprimase, we synthesized
d(A20GTCAz) 76 <0.01 oligonucleotides of the sequencedppG(pG) where either
d(C2GTCCA) 9.2 0.73 only the B-terminal phosphate was radiolabeled or every
d(T20GTCTao) 49 0.87 a-phosphate was radiolabeled (i.e., those phosphates present
gg§£$gg§) ig 3:25 at internucleotide linkages as well as tphosphate of the

5'-terminal nucleotide). When oligonucleotides containing

* Rates were obtained from the data in Figure 5B and are given as .y, 5 5_terminal radiolabel were treated with the primase
moles of primer per mole of enzyme per hour. The molar amount of

each product was determined using the specific activity of the radiolabel N€licase complex, shorter primers disappeared with time
and the number of radiolabeled nucleotides in each length primer. ~ (Figure 6A). In contrast, adding the primadeelicase to
pppG(pG) where every a-phosphate was radiolabeled
GG, only d(CoGTTCy) retained the thymidylate adjacent resulted in the appearance of the slower moving species
to the deoxyguanylate, and yet, only this template led to (Figure 6B). Importantly, the disappearance of products
nearly undetectable primer synthesis. For each template thatontaining a 5terminal radiolabeled phosphate corresponded
resulted in greater than negligible levels of primer synthesis, to the appearance of new products when dhphosphate
the site of primer initiation was examined by comparing was radiolabeled. For example, 91% of the dinucleotide, 68%
primer synthesis when labeling with/f?P]JATP versus of the 3mer, 46% of the 4mer, and 37% of the 5mer
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Table 4: Rate of ssDNA-Dependent NTPase Activity on Various DISCUSSION
Templates We used ssDNA templates of defined sequence to examine
template rate (H)* template rate (ff)? the effect of template sequence on primase activity and
dCao 3200 d(TCTGys 1700 NTPase activity by HSV-1 helicasgrimase. While NTPase
S(TéZGTQ) 361388 ggﬁggis %ggg activity was unaffected by changes in template sequence,
d(CzoGTC;) 5700 d(Gccgz 2200 primase activity was profoundly dependent upon template
d(A2GTCA) 2400 d(GCT)o 1400 sequence. The key feature for a high level of primase activity
d(T20GTCTa0) 2200 d(GTT) 830 was at least on€' I-pyr-pyr triplet in the template, although
g(TzoGTCCm) 2600 g(TCA)tJ 2700 flanking sequences play a large role in determining the rate
(CTho 2500 (CCAL 2400 of primer synthesis. Intriguingly, a major role of the template

? Assays contained 500M NTPs and 6uM DNA. deoxyguanylate appears to be to increase primer length.

Previous studies have indicated that the ssSDNA-dependent
disappeared after 60 min incubation of theté&minally NTPase activity is nonspecific with respect to ssDNA
radiolabeled oligonucleotides with the primadeslicase. sequencel)). Consistent with these results, we found that,
Likewise, 92% of the dinucleotide, 69% of the 3mer, 56% regardless of their ability to support primase activity, all of
of the 4mer, and 34% of the S5mer were converted to slower the tested templates bound to the primaselicase complex,
migrating species after 60 min incubation of theadio- as evidenced by their ability to stimulate the ssDNA-
labeled oligonucleotides with the primageelicase. Analysis  dependent NTPase activity. Thus, the inability of the
of the 3 and 15 min time points showed a similar cor- helicase-primase complex to produce more than negligible
respondence between the disappearance of ttegrhinally guantities of primers on some templates [e.qg., (@puld
radiolabeled oligonucleotides and appearance of slowernot have resulted from the DNAs not binding the complex.
migrating products when the oligonucleotides wereadio- While these templates can bind the complex, it remains
labeled (data not shown). Importantly, when we repeated unclear where they are bound. For example, 4g@py bind
these experiments using a mutant form of the primase very tightly to the helicase active site but only very weakly
helicase complex that lacks detectable NTPase actilB)y, (  to the primase active site. Hence, a lack of primer synthesis
the pppG(pG) primers were not altered (data not shown). on a specific template could result from where it binds on
Furthermore, the NTPase-deficient primabelicase did not ~ the complex.
generate the slower migrating species in primase assays A key template feature for efficient synthesis of long
(Figure 6C). Together, these results demonstrate that theprimers is the sequence-G-pyr-pyr. The template G is
NTPase activity of helicaseprimase removes phosphate necessary neither for binding of primase to the DNA nor
from the 5 end of short primers. The NTPase activity likely  for initiation of primer synthesis; rather, it is essential for
only hydrolyzed the 5y-phosphate since the hydrolyzed the production of large amounts of long primers. Indeed,
dinucleotide migrated slower than pppNpN and faster than primase will initiate primer synthesis on pyrimidine-rich
PNPN. templates in the absence of this G; however, virtually all of

ssDNA-Dependent NTPase Adty Is Independent of  the products are only two to four nucleotides long. Thus, a
Template Sequence and Primase #iti To provide further key role of this G is to enhance the elongation of short
insights into DNA binding as well as how DNA sequence Primers into longer primers. This G also serves to define
affects NTPase activity, we examined the ability of DNA the specific nucleotide at which primase prefers to initiate
templates of defined sequence to support NTPase activity.primer synthesis, namely, the first pyrimidine following this
Similar to previously reported resultd)( changing the G, regardless of whether & & T or CWhen templates lack
template sequence minimally affected NTPase activity. We this G [e.g., d(CTy or d(TCTA)s, Figure 2C], primase
measuredVma/Km as a function of NTP concentration on almost exclusively initiates primer synthesis using ATP as
four different templates and found that it remained constant the B-terminal nucleotide. This result indicates that, in the
regardless of the ability of the template to support primer absence of a template G, primase either greatly prefers ATP
synthesis [1Q«M 1 h=2 for dCyo, 11 uM~1 h~1 for d(CT ), as the 5terminal nucleotide or GTP as the nucleotide that
15uM~1 htfor d(TCTA)s and 15uM 2 h~t for d(TCTG)4]. becomes the second nucleotide of the primer.

Since these measurements were performed under conditions Even though 3G-pyr-pyr is sufficient for primase activity,
where primer synthesis could occur (i.e., all four NTPs sequences surrounding this trinucleotide can dramatically
present), these results show that conditions that allow primeraffect the rate of primer synthesis. To a certain degree,
synthesis do not block NTP hydrolysis. The rate of NTPase increasing the number of -G base pairs in the growing
activity remained constant as the DNA concentration varied primer appears to increase the amount of long primers. More
from 30 nM to 1uM, suggesting that the enzyme binds DNA importantly, changes in these flanking regions can dramati-
very tightly (data not shown). We also measured NTPase cally alter the rate of initiation. A previously mapped primer
activity on a series of additional templates under a single synthesis site was reported to be enriched in deoxycytidylates
set of experimental conditions (5QMM NTPs and 6uM (2). While we found that deoxycytidylate-rich template
DNA) and found that the rate varied by at most by a factor sequences support primer synthesis, we also observed even
of 4 (average= 2300 hri, Table 4). Importantly, even those higher rates of primer synthesis on some templates containing
templates that were poor substrates for primer synthesis wereninimal amounts of deoxycytidylate. For example, replacing
excellent substrates for NTPase activity, thereby indicating the flanking deoxycytidylate regions of d{§GTC,;) with

that a lack of primer synthesis was not due to a lack of DNA thymidylates to generate d{GTCT,g) increased primer
binding to the primasehelicase complex. synthesis 16-fold. Furthermore, primer initiation also was
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not limited to templates solely rich in pyrimidines. For While the primases from different herpes viruses share
example, replacing the’ Slanking region of d(GoGTC,1) significant sequence homolog§4), comparison of the amino
with deoxyadenylate [d($GTCAL)], thereby leading to a  acid sequence of herpes primase with those from eukaryotic,
pyrimidine-rich primer rather than a purine-rich primer, phage, and prokaryotic sources reveal essentially no sequence
resulted in a 6-fold increase in total primer synthesis. Even homology. Indeed, the only two motifs that herpes primase
what appear to be modest changes in the sequence of thehares with other primases are a putative zinc finger motif
flanking regions can greatly affect the rate of primer (16) and a DhD (h= hydrophobic amino acid) motif
synthesis. For example, d(GCG€3$upports high levels of (14, 15). Mutation of these aspartates in the latter motif
primer synthesis, but d(GCg)does not. Likewise, the obliterates the activity of herpes primaskb), suggesting
parentalpX174 50mer contains two potential primer syn- that these amino acids help to bind critical divalent metals
thesis sites that are separated by only five nucleotides.in the active site, similar to what has been observed with
Switching the location of the two initiation sites dramatically other nucleotide polymerizing enzyme$5(-47). Thus, at
alters which initiation site primase prefers to utilize. Finally, the level of both template recognition for primer synthesis
previous work showed that, on phage DNA, primase and amino acid sequence, herpes primase does not closely
synthesized a primer only once every 3000 nucleotidés (  resemble any other primases.

yet the sequence G-pyr-pyr should occur once every 16 Herpes primase synthesizes products from 2 to ca. 13
nucleotides. Why changes in flanking sequence affect primernucleotides long; however, for many templates, the majority
synthesis remains obscure, however. of the products are only-23 nucleotides long. Why herpes

At least some of these effects of flanking sequences mustprimase should synthesize such large amounts of short
involve specific sequence interactions. For example, the products is unclear. Other RNA polymerases, including the
templates d(GTTE) and d(GTTT)s should not have defined  eukaryotic primase and RNA polymerase Il, also synthesize
secondary structures at 3T, yet these two templates with  large amounts of very short oligonucleotide48,( 49),
identical GTT trinucleotide recognition sequences vary suggesting that this result is not an artifact of the assay.
dramatically in their ability to support primer synthesis. Biologically, the role of primase is to synthesize primers that
Likewise, neither d(ZiGTCCTyg) nor d(GoGTC,1) should a DNA polymerase can then elongate, thereby initiating the
form stable secondary structures, yet they support very synthesis of a new strand of DNA. If the herpes DNA
different levels of primase activity even though they both polymerase cannot elongate these short primers, they may
contain the same GTC initiation sequence. It would not, simply be waste products of the primase reaction. Indeed,
however, be surprising if secondary structure also greatly eukaryotic primase synthesizes copious quantities of di- and
affected primer synthesis. trinucleotides that pak cannot elongated@). Alternatively,

The mechanism by which herpes primase recognizes athese short primers may be substrates for the herpes
primer recognition site has characteristics of both eukaryotic polymerase. For example, phage DNA polymerases will often
primase and bacterial and phage primases. Primers syntheelongate extremely short primase-synthesized prin&3)s (
sized by primases from other sources almost always contain The NTPase activity of the primaséelicase complex
a 5-terminal purine 83), similar to primers synthesized by could bind and hydrolyze the'ferminal phosphate from
the herpes enzyme. Eukaryotic primase initiates primer newly synthesized primers. Previous studies have shown that
synthesis only at some locations on natural templates suchthe NTPase prefers to hydrolyze ATP and GTP, but it will
as SV40 and M13 viral DNAs34—39), thereby suggesting  also use CTP and UTP, indicating that it is not highly specific
some sequence/structural requirements near the primer(9). The studies described herein indicate that this lack of
synthesis site and similar to the herpes enzyri@).( specificity extends beyond the base since the enzyme can
Significantly, eukaryotic primase has no specific sequence use oligonucleotides at least two nucleotides long as sub-
requirement analogous to herpes primase’s requirement forstrates.
3'-G-pyr-pyr @, 33). This specific sequence requirementis,  The ability of the NTPase to hydrolyze primers may also
however, very similar to the prokaryotic and phage primases relate to the role of the UL5 subunit in primase activity.
(33). For example, primases froEscherichia coli T7, and Previous studies have demonstrated that the helicase, NT-
T4 recognize the template sequence&3C, 3-CTG, and Pase, and primase activities have a complex interrelationship.
3-TTG (or TCG), respectivelyd0—42). In each case, primer  UL5 contains a series of conserved helicase and NTPase
synthesis begins at the second nucleotide of the trinucleotidemotifs (12, 13), and UL52 contains two conserved (d)NTP
(40—42), again similar to the herpes enzyme. Compared to polymerase motifsi4—16). However, while the UL5/UL52
the prokaryotic and phage enzymes, herpes primase exhibitcomplex has primase, NTPase, and helicase actigity,(

a somewhat relaxed specificity with respect to the trinucle- 10), the isolated subunits are inactivé (7, 18). Interest-
otide sequence '&-pyr-pyr. Either deoxycytidylate or  ingly, mutations in the conserved helicase domains of UL5
thymidylate will suffice as pyrimidines, and the enzyme will that inactivate helicase activity stimulate primase activity by
recognize deoxyadenylate, albeit much more poorly than 2- to >30-fold (13). Additionally, two recently discovered
deoxyguanylate. The role of the first nucleotide in this compounds simultaneously inhibit both helicase and primase
trinucleotide sequence for primer synthesis by herpes primaseactivity by apparently forming an enzym®NA—inhibitor
appears to be distinct from the role of this nucleotide with complex 60, 51). While no high-resolution structures of the
other primases. The deoxyguanylate greatly enhances thgrimase-helicase exist, the observation that locking DNA
production of long primers by herpes primase but is not onto the complex (via the inhibitors) inhibits both activities
essential for initiation. In contrast, T7 primase will not even is consistent with the idea that a single DNA binding site
initiate primer synthesis in the absence of the recognition extends through both the helicase and primase active sites
trinucleotide 43). of the UL5/UL52 complex 16). Likewise, the ability of the
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NTPase active site to interact with thetérminus of a primer
raises the possibility that the UL5 subunit is an intimate
participant in primase activity. For example, UL5 might
interact with the NTP that becomes thet&minus of the
incipient primer, thereby helping to define the template
specificity of primer synthesis. Experiments to test this
hypothesis are in progress.
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