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Herpes Simplex Virus 1 Primase Employs Wats@rick Hydrogen Bonding To
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ABSTRACT. We utilized NTP analogues containing modified bases to probe the mechanism of NTP selection
by the primase activity of the herpes simplex virus 1 heliegs@mase complex. Primase readily bound

NTP analogues of varying base shape, hydrophobicity, and hydrogen-bonding capacity. Remarkably,
primase strongly discriminated against incorporating virtually all of the analogues, even though this enzyme
misincorporates natural NTPs at frequencies as high as 1 in 7. This included analogues with bases much
more hydrophobic than a natural base (e.g., 4- and 7-trifluoromethylbenzimidazole), a base of similar
hydrophobicity as a natural base but with the Wats@nick hydrogen-bonding groups in unusual positions
(7-p-p-guanine), bases shaped almost identically to the natural bases (4-aminobenzimidazole and 4,6-
difluorobenzimidazole), bases shaped very differently than a natural base (e.g., 5- and 6-trifluoromethyl-
benzimidazole), and bases capable of forming just one WaiSadrk hydrogen bond with the template

base (purine and 4-aminobenzimidazole). The only analogues that primase readily polymerized into primers
(ITP and 3-deaza-ATP) were those capable of forming Watsnitk hydrogen bonds with the template

base. Thus, herpes primase appears to require the formation of Wa&gok hydrogen bonds in order

to efficiently polymerize a NTP. In contrast to primase’s narrow specificity for NTP analogues, the DNA-
dependent NTPase activity associated with the herpes prinediease complex exhibited very little
specificity with respect to NTPs containing unnatural bases. The implications of these results with respect
to the mechanism of the helicasprimase and current fidelity models are discussed.

Herpes simplex virus 1 (HSV-1)primase, an essential ~ activity (18, 19, 21) but can stimulate both primase and
component of the herpes DNA replication apparatus, provideshelicase activities22, 23) and overcome the inhibitory effect
short RNA primers that the herpes DNA polymerase then of coating ssDNA with the HSV-1 ssDNA binding protein
elongates 1—5). Primase initiates primer synthesis on on NTPase and primase activiti€3( 24).

ssDNA opposite two template pyrimidines by binding and  The mechanism(s) utilized by polymerases to discriminate

converting two purine NTPs into a dinucleotidé).( It between correct and incorrect nucleotides remain(s) a topic
produces an abundance of short primers (hucleotides)  of heated discussion. Since th&G difference between
but can also produce longer products (from 440 nucleo-  correct and incorrect base pairs in solution cannot account
tides) if initiation occurs at a preferred-8eoxyguanylate for the high fidelity obtained by many polymerases (often

pyrimidine—pyrimidine (3-G-pyr-pyr) template start site  an error frequency of 1@ to 10°¢), multiple models have
Sequenced). Dinucleotide Synthesis is the rate-limiting step been propose(ﬂ@_ One model postu|ates that enzymes can
for primase 7). distinguish between the shape of correct base pairs and the
Herpes primase is part of a heterotrimeric enzyme complex shape of incorrect base pai6]. Alternatively, it has been
containing three gene products: UL5, UL8, and UL52. In proposed that hydrophobic interactions may be critical for
addition to primase activity, the complex also exhibits polymerases to differentiate between right and wrong base

helicase and ssDNA-dependent NTPase activiig8<12). pairs @7). Finally, it is unclear to what extent polymerases
The ULS5 subunit contains conserved helicase matiss 14), obtain fidelity by discriminating for the correct base pair as
and the UL52 contains conserved primase motifs17). opposed to discriminating against wrong base p&i8s29).

Importantly, an interdependence exists between the subunits \ypile no universal mechanism has yet been elucidated to
such that neither subunit by itself exhibits helicase or primase explain how polymerases distinguish between correct and
activities (8—20). The UL8 subunit has no known catalytic  jncorrect (d)NTPs, it is clear that polymerases have a wide

range of fidelities with error rates ranging from2@o 1076
" This work was supported by National Institutes of Health Grant grrors per nucleotide polymerize@5, 30). Thus, it seems

(A}l?,f_sg?ﬁl)(_R'D'K') and National Service Research Award GM64264 plausible that different polymerases will employ different
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1 Abbreviations: BSA, bovine serum albumin; DTT, dithiothreitol; Watson-Crick hydrogen bonding to discriminate between
G-pyr-pyr, deoxyguanylatepyrimidine—pyrimidine; HSV-1, herpes tand | tb ifind1l. Thi |
simplex virus 1; NTP, nucleoside triphosphate; ssDNA, single-stranded COrrect and incorrect base pairing1f. This enzyme only

DNA; Tris, tris(hydroxymethyl)aminomethane (HCI salt). polymerized NTP analogues that could form Wats@mick
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Table 1: Synthetic ssDNA Templates U3ed

d(GCCC) 15 *' GCCCGCCEGCCEGCCECCEECCCECCCECCCGCCOGCCCECCCGCCCECCCECCCGeC”
d(GTTT) 15 ¥ GITYGITFGTTFCT T GTTGTTGT T GTT GTTTGTTGTTTGTTGTTTGTTTGTITT"
d(TCTG) 15 2 TCTGICTGTCTETCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTG®
A (C20GCCTAs) *'CCCCCCCCCCCCCCCCCCCCEGCCTAAAAAARAAAAAAAARAAA®
A (C,0GCTA,) 3’ CCCCCCCCCCCCCCCCCCCCGCTARARRAARAAAAAAAAAAAA®
d (T,,GTCCT,) S TTTTTTTTTTTTTTTTTTT lGMTTTTTTTTTTTTTTTTTTS'

aThe 3-G-pyr-pyr herpes primase start sites are shown in bold, and the initiation sites and direction of primer synthesis are indicated by the
arrows.

hydrogen bonds between the base of the incoming NTP andMethods
the template base being replicated. Interestingly, human
primase demonstrates error rates (around?ifer NTP

polymerized) consistent with that expected for a selection 1 mM DTT, 0.1 mg/mL BSA, 26% glycerol, 204M

mechanism based solely on hydrogen bondBg §3). ssDNA template, 0.8 mMo-*P]NTPs, and 100 nM HSV-1
Herpes primase is also an extremely error-prone poly- wjd-type helicaseprimase (UL5/UL8/UL52). Reactions
merase, with typical misincorporation frequencies between \yere initiated by adding enzyme, incubated af@7for 30
10 'and 1072 (34). To elucidate how herpes primase chooses min, and then quenched by adding-2 volumes of gel-
to polymerize a NTP, we examined a series of NTPS |gading buffer (90% formamide). Control reactions that
containing base analogues that varied in terms of shapeacked enzyme were conducted under identical conditions.
hydrophobicity, and WatserCrick hydrogen-bonding ca-  products were separated by polyacrylamide gel electrophore-
pacity. While herpes primase bound all of the base analoguess;s (20% polyacrylamide and 7.5 M urea or 40% acrylamide
tested, it only readily polymerized the analogue if it could and no urea) and visualized by phosphorimagery (Molecular
form Watson-Crick hydrogen bonds with the template base. pynamics). ImageQuant Software (Molecular Dynamics) was
The implication of these results with respect to the mecha- ytjlized for quantitative analysis of primer products. Primer
nism of herpes primase and how different polymerases standards of defined length and sequence were loaded
discriminate between right and wrong (d)NTPs is discussed. concurrently with the products from primase assays to
determine the product lengths and identi®y. (
EXPERIMENTAL PROCEDURES DNA-Dependent NTPase Assdeactions (1620 uL)
contained the same components as the primase assays and
were initiated by adding wild-type helicasprimase (UL5/

HSV-1 wild-type helicase primase (UL5/UL8/UL52) and ~ UL8/ULS2). After 60 min at 37°C, 0.75 mL of an acidic
HSV-1 mutant helicaseprimase lacking NTPase activity ~ammonium molybdate/malachite green solution (3:1 mixture
(UL5MI/UL8/UL52) were expressed in SF9 cells via baculo- Of 0.045% malachite green HCI and 4.2% ammonium
virus infection and purified by Ni-NTA chromatography via Molybdate n 4 M HCI) was added to detect the formation

a Hisrtagged UL8 subunit, as previously described gF9 ~ Of free phosphate1d, 36). After precisely 3 min, the
cells were from the Tissue Culture Core Facility at the absorbance at 650 nm was measured. Control reactions that

University of Colorado Cancer Center. Baculoviruses were !acked either NTP or enzyme were conducted under identical
amplified and titered by the Tissue Culture Core Facility at conditions.

the University of Colorado Cancer Center. Primer standards RESULTS

of defined length and base composition were produced by

human primase (p58/p49 complex) as previously described We used a series of NTP analogues to elucidate how
(6). Synthetic ssDNA templates of defined sequence (Table herpes primase chooses whether to polymerize a NTP. The
1) were obtained from Biosearch Technologies, Inc., and analogues contained the sugar ribose conjugated to bases that

Primase Assay4$Jnless otherwise noted, reaction mixtures
(10 uL) contained 50 mM Tris, pH 8.0, 1016 mM MgCh,

Materials

Oligos Etc. and are always written in thetd 5 direction. varied substantially in terms of shape, electron distribution,
Concentrations of ssDNA templates were determined spec-hydrogen-bonding capacity, and hydrophilicity (Chart 1).
trally and are reported in terms of-termini. NTPs were Primase Tightly Binds a Variety of Nucleotide Analogues.

from Sigma, and concentrations were determined spectrally.Initially, we examined the ability of these compounds to
[32PINTPs were purchased from Perkin-Elmer. 2-Chloro-ATP inhibit primase activity. Inhibition of ATP polymerization
was purchased from Sigma. 2-Fluoroadenosine was a generwas measured in assays containing the template d(GITT)
ous gift from Dr. Jack A. Secrist (Southern Research (sequence written in the'3to 5 direction) and only
Institute) and was converted to 2-fluoro-ATP as previously [a-3?P]ATP, while inhibition of GTP polymerization was
described 35). 3-Deaza-ATP was a generous gift from measured in assays containing the template d(G@&oy
Merck Research. Synthesis and characterization of all otheronly [a-3?P]GTP. As shown in Table 2, all of the analogues
nucleotide analogues are described previou3ly 85). All tested inhibited both ATP and GTP polymerization with
other reagents were of the highest purity available. similar potency. Interestingly, these analogues inhibited
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Chart 1: Structures of NTP Analogues Used in These Studies
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Table 2: Gy Values (M) of NTP Analogues
NTP analogue IGevs AT ICsovs GTP
2-chloro-ATP 1070+ 130 ND
2-fluoro-ATP 490+ 140 470+ 160
3-deaza-ATP 81a 170 370+ 140
7-trifluoromethylbenzimidazole-NTP ~ NM 59+ 3
6-trifluoromethylbenzimidazole-NTP ~ 3# 3 60+ 10
5-trifluoromethylbenzimidazole-NTP 166 10 150+ 20
4-trifluoromethylbenzimidazole-NTP 8% 3 80+ 10
4-nitrobenzimidazole-NTP NM 200+ 20
benzimidazole-NTP 31 10 500+ 70
purine-NTP 1106+ 20 160+ 20
1-deazapurine-NTP 178 10 210+ 30
4,6-difluorobenzimidazole-NTP 546 120 610+ 120
7-3-0-GTP 40+ 10 70+ 10

a ATP polymerization was measured on template (GTdT) the
presence of 80@M ATP, and GTP polymerization was measured on
template d(GCCGj in the presence of 800M GTP. In both cases,
no other natural NTPs were presehhD, not determined. An 1§
could not be determined because of the stimulating effect of low
concentrations of 2-chloro-ATP<100-1000x«M) on GTP polymer-
ization. At high concentrations of 2-chloro-ATP, however, GTP
polymerization was inhibited 50% at a concentratior~&500 uM.
¢NM, not measured.

primer synthesis as well as or better than a natural NTP.
GTP and UTP inhibited ATP polymerization on d(GTT1d)
with ICses of 1230+ 50 and 2706t 170uM, respectively,
and UTP inhibited GTP polymerization on d(GCG&ith

an 1G; of 6100 + 500 uM. To determine the type of
inhibition (competitive, noncompetitive, etc.), we conducted
a complete kinetic analysis for the inhibition of GTP
polymerization by 5-trifluoromethylbenzimidazole-NTP and
2-fluoro-ATP. In both cases, we observed competitive

benzimidazole-NTP benzimidazole-NTP

N— X
<)
/ N

1-deazapurine-NTP

F

N
20!
/ F

4,6-difluoro-
benzimidazole-NTP

NH,
N
¢
N
/

4-amino-
benzimidazole-NTP

inhibition between the analogue and GTP (data not shown).

Two compounds, ATP and 2-chloro-ATP, had rather
surprising effects on primase activity. Rather than simply
inhibiting GTP polymerization on the template d(GCG{)
low concentrations~+100—1000xM) of these compounds
initially stimulated GTP polymerization (by 2& 3% and
35 £+ 9%, respectively) while higher concentrations gave
inhibition (Figure 1). Interestingly, low concentrations of
2-chloro-ATP as well as any of the other NTPs or NTP
analogues did not stimulate ATP polymerization on the
template d(GTTTg.

Incorporation of NTP Analogues opposite Despite the
extraordinarily low fidelity of primase and its ability to bind
160 1—

140 1 O
120 {A4T4a
100 4
80 -
60
40
20 -
0 r :
0 2000 4000

[ATP] or [2-chloro-ATP] (LM)

Ficure 1: ATP and 2-chloro-ATP stimulate GTP polymerization
by primase on d(GCC@)at low concentrations and inhibit at higher
concentrations. Reactions were performed as described under
Experimental Procedures and contained 100 nM wild-type herpes
helicase-primase, 2quM d(GCCC)s, 800 uM [a-*2P]GTP, and
various concentrations of either ATP or 2-chloro-ATP. The rate of
primer synthesis in the absence of ATP and 2-chloro-ATP was
normalized to 100%.

0 2-chloro-ATP
AATP

Primer Synthesis (%)

6000
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[a-32PIGTP [+-2P]GTP

r "

pPppGpG —» v
pppGpG—»

ppp(2-F-A)pG —» —

pp(2-F-A)pG—» ———————
il ﬁﬁ il

Ficure 3: Herpes primase incorporates 2-fluoro-ATP as the 5
terminal nucleotide opposite a template T of d(TCT{GReactions

C-PEREpREER AR BB contained 100 nM wild-type herpes helicaggimase, 20uM
A A A A A A A A R d(TCTG)s, 800xM [32P]GTP, and 100, 300, or 85(M analogue,
fo22zz22222 § £ £ except for the control reactions which lacked either enzyme (C) or
NNNNSNRNNEENSDS SZ 2-fluoro-ATP (). The electrophoretic mobility of pppGpG, as well
E 'E E 'E E E ZEREEALI as the deduced mobility of ppp(2-fluoro-A)pG and pp(2-fluoro-
EEEEEEEYN & A)pG dinucleotide pri i
N R NRNRNNS | pG dinucleotide primers (based on the experimental results shown
E E E E E E E it E in Figure 4), is noted to the left of the image of the 40% acrylamide
5E5858 £ o
R EE 4 logues into the primer at the first'¢ferminal), second, and

b,

third nucleotide positions.

FIGURE 2: Herpes primase incorporates some analogues opposite _, . . . L

a template T in the absence of cognate ATP. Reactions contained ° -1 €rminal Nucleotide Positiori.o determine if primase

100 nM wild-type herpes helicas@rimase, 2uM d(TCTG)ys, could incorporate an analogue as the NTP that becomes the

800uM [0-*2P]GTP, and 20Q«M specified analogue, except for  5'-terminal nucleotide of the primer, assays containedi0

the control reactions which lacked enzyme (C) or lacked analogue 32
(—). New products of altered electrophoretic mobility due to d(TCTG)s, 800uM [a-*P]GTP, and 20G:M analogue. As

analogue incorporation are identified by arrows on the image of Noted above, primase synthesizes the pppGpG dinucleotide
the 40% acrylamide gel. The electrophoretic mobility of pppGpG due to misincorporation of a GTP. Addition of many of the
dinucleotide primers is noted to the left of the image. analogues (7-trifluoromethylbenzimidazole-NTP, 6-trifluo-
romethylbenzimidazole-NTP, 5-trifluoromethylbenz-
imidazole-NTP, benzimidazole-NTP, 1-deazapurine-NTP,
4,6-difluorobenzimidazole-NTP, #-b-GTP, and 4-amino-
benzimidazole-NTP) resulted in decreased levels of the
pppGpG dinucleotide without the appearance of any new

electrophoretic mobility. We have previously observed that pro?uc:z(ﬁgure 2 ‘Td dafta n(;)_t shlow:%. Since chﬁmgmg ltthe
incorporating a nucleotide analogue into a primer usually NU¢'€0tde composition of a dinucieotide generally resufts

results in a shift in electrophoretic mobilitdZ, 32), thus " arge changes in electrophoretic mobility (réfsand32
suggesting that primase did not readily incorporate these @nd see below), these results indicate that primase will not
NTPs. (We could have easily detected new products thate@dily incorporate these analogues as tHesninal nucleo-
corresponded to<3% of the amount of product generated tide. Primase did, however, incorporate detectable amounts
in the absence of an ana|ogue_) of seven NTP analogues: 3-deaza-ATP, 2-f|U0rO-ATP,
Since the lack of analogue incorporation opposite T could 2-chloro-ATP, purine-NTP, 4-trifluoromethylbenzimidazole-
have resulted from an inability of the analogues to effectively NTP, ITP, and 4-nitrobenzimidazole-NTP (Figure 2 and data
compete with the ATP in the assay, incorporation of each not shown). Furthermore, we verified that incorporation of
analogue in Chart 1 was measured in assays that lacked théhe analogues 3-deaza-ATP, 2-fluoro-ATP, purine-NTP, and
cognate ATP. When reactions contained the template ITP occurred at the'&erminal position. Whereas both the
d(TCTG)s and only p-*?P]GTP, primase still synthesized pppGpG and the product due to analogue incorporation were
the pppGpG dinucleotide due to misincorporation of GTP detected when assays contained-3{P]JGTP, only the
opposite the template T that codes for thetésminal pppGpG product was detected when assays contained
nucleotide of the primer (Figure 2). While it is conceivable [y-32P]GTP (an example is shown for 2-F-ATP in Figure
that primase initiated SyntheSiS at the ;econd nulcleotide afterg)_ If ana'ogue incorporation had occurred at the Second
the G (i.e., the template C) and misincorporation actually pycleotide in the primer, the product, pppGpX, where=X
occurred at the following T, this seems extremely unlikely anaj0gue, would still have been radiolabeled since it retains
since we have never observed primase to initiate primer y,q,, hosphate of GTP. (The other analogues could not be
synthesis at positions other than the first nucleotide afterthesimiIarIy tested because the amount of product due to

template G. . . . analogue incorporation was too low for conclusive results.)
In several cases, including an analogue NTP in these

assays resulted in new products of altered electrophoretic Somewhat surprisingly, including either ATP or an
mobility, indicating that primase incorporated the analogue. analogue in the assays occasionally gave rise to two new
To better understand the chemical features that allow primaseproducts that migrated in the region expected for a dinucleo-
to polymerize a NTP, we examined incorporation of ana- tide (e.g., 3-deaza-ATP and 2-fluoro-ATP, Figure 2, as well

a wide variety of NTP analogues, primase did not appear to
readily incorporate these NTP analogues. Including various
analogues in assays containing the template d(GE=nd
800uM [0-*?P]ATP significantly inhibited primase activity
(Table 2) but did not result in new products of altered
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- 32PJATP [y-2P)ATP [e- 32P]GTP
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Table 3: Incorporation of NTP Analogues opposite T in the
Absence of ATP

PPPAPGRA analogue concruM),
il A where analogue incorporatien
GTP misincorporation,
DPp(3-deaza-A)pG at primer position
ngigg_—_: e - * 4p(3-deaza-A)pG NTP analogue Sterminal  second third
- ATP 1.6+0.1 17£2 30+2
W . 3-deaza-ATP 2204 87+5 103+8
: 2-fluoro-ATP 31+ 3 >500° 320450
Enmyme. i COWEI G WM ConE M| 2-chloro-ATP 22020  NDF 6600+ 400
IR ALRINEALEAeacElCearaA LS 4-trifluoromethylbenz- >300° ND¢ >400°
Ficure 4: NTPase activity removes théterminal phosphate from imidazole-NTP
a pppNpN dinucleotide to form a ppNpN dinucleotide. Reactions ~ 4-nitrobenzimidazole-NTP 18620 NOD¥ ND¢
contained 20uM d(TCTG)s, 800 uM GTP, 200uM ATP or purine-NTP 48t 3 ND® 5804+ 45
3-deaza-ATP, the indicated radiolabel, and either wild-type heli- ITP 360+ 50 NDI* NDed
case-primase (Wt) or mutant helicas@rimase (M) that lacks apssays contained 800uM GTP. Templates d(TCTG)

NTPase activity, except for the control reactions which lacked either d(C20GCTA)
! 0GCTAz), and d(GiGCCTAL) were used to measure analogue
enzyme (C). The amount of Wt(}*P]JGTP) sample applied to incorporation at the 'Sterminal, second, and third primer positions,

the gel was reduced by a factor of 2 to ensure that similar quantities \oqhectively. The underlined base in the template sequence indicates
of pppNpN é:izlnucleotlde were present for both enzymes. As aresult, e sjte where analogue incorporation and GTP misincorporation were
the Wt (fo-*P]GTP) samples have a lower background in com- - aa5urede High concentrations of these analogues inhibited primer
parison to the C and M samples. The electrophoretic mobility of gy nihesis to such an extent that it was not possible to determine the
PPPAPG and pppApGpA and the deduced mobility of ppAPG, concentration at which analogue incorporation equaled GTP misincor-
ppp(3-deaza-A)pG, and pp(3-deaza-A)pG dinucleotide primers o ation. Thus, only a lower limit is providedND, incorporation was
(based on the results of this experiment) are noted on the side of,,o §etectable above backgroud®n d(GeGCCTAw), detectable

the image of the 40% acrylamide gel. incorporation of ITP only occurred opposite C.

as ATP, Figure 4j.Since we had previously shown that the  centrations of an analogue. In the absence of any analogue,
NTPase activity of the primasenelicase complex could  primase synthesizes the pppGpG dinucleotide. Thus, we can
remove the Sterminal phosphate from a pppNpN dinucleo-  compare the ability of primase to polymerize either ATP (the
tide to generate the ppNpN dinucleotid#),(we suspected  natuyral, correct NTP) or an analogue by determining how
that this was the cause of the extra prOdUCtS. To test thiSmuch of each of these Compounds must be present in assays
hypothesis, we first determined if the faster migrating product to cause primase to synthesize equimolar amounts of the
observed in assays containing ATP, GTP, and d(TGJG) pppGpPG and (pppAnalogue)pG dinucleoti@d)( In assays
retained a triphosphate at its-erminus. When assays containing 80Q:M GTP, including only 1.6+ 0.1uM ATP
contained ¢-*P]JATP and GTP, both authentic pppApG and  resulted in synthesis of equimolar amounts of pppApG and
a slightly faster migrating product were observed. In contrast, ppPGpPG. While primase incorporated 3-deaza-ATP almost
when assays contained-f’PJATP and GTP, only the 55 efficiently as ATP, it incorporated the other analogues
product that comigrated with authentic pppApG was ob- substantially less efficiently (Table 3).
served (Figure 4). Thus, the faster migrating product lacks  second Nucleotide of the Priméncorporation of the NTP
ay-phosphate at its'&nd. Additionally, we examined the  gnalogues as the second nucleotide of the primer was
products generated in assays containing ATP or 3-deazameasured on the template d¢GCTAs). Primer synthesis
ATP, [a-*P]GTP, and d(TCTG} and either wild-type  pegins opposite the C immediately following the G, and
helicase-primase or a mutant helicasprimase that lacks analogue incorporation opposite the underlined T was
NTPase activity. As shown in Figure 4, eliminating the measured. In the presence of onky-PP]GTP, primase
NTPase aCtiVity eliminates the “extra” new prOdUCt, indicat- Synthesizes the pppGpG dinucleotide. In assays Containing
ing that it results from the NTPase activity removing the g uM GTP, 17+ 2 uM ATP resulted in synthesis of
5'-terminal phosphate of the dinucleotia@ince the NTPase equimoiar amounts of pppGpA and pppGpG (Tabie 3)
always has a choice of hydrolyzing either one of the NTPs primase discriminated much more strongly against analogues
in the assay or a dinucleotide, detection of ppNpN products at this second position of the primer than it did at the 5
in Figure 2is ||k6|y limited to Only those dinucleotides that terminal position_ |ndeed, add|ng most of the ana|ogues
accumulate to relatively high levels. resulted in no detectable incorporation, and primase readily
For those analogues that primase incorporated, we deterincorporated only 3deaza-ATP (Table 3). To ensure that
mined their efficiency of incorporation. Assays contained 3-deaza-ATP was incorporated at the second nucleotide
the template d(TCTGy, [a-**P]GTP, and increasing con-  position (i.e., pppGpX), we verified that incorporation was
detectable when reactions contained eithe#$P]GTP or
2 Products were analyzed in 40% acrylamide gels, rather than the [y-3?P]GTP (data not shown).

more typical 20% acrylamide, because of the much greater resolution  Third Nucleotide of the Primerincorporation of the
of 40% gels. In gels containing only 20% acrylamide, products . . .
consisting of natural NTPs (e.g., pppGpG) and products containing an analogues as the third nucleotide of the primer was measured

analogue NTP (e.g., pppXpG or pppGpX, where X is the analogue) on the template d((sGCCTAsq). In the presence of only
often were not completely separated from each other. 800 uM [0-*?P]GTP, primase synthesizes both a correctly
b

8 Whereas the ppNpN dinucleotides migrate more rapidly than the _nAai ; ; i
pppNpN dinucleotides in gels containing 40% acrylamide, the ppNpN ase-paired pppGpG dinucleotide and a pppGpGpPG tri

dinucleotides migrate more slowly than the pppNpN dinucleotides in Nucleotide due to misincorporation of GTP opposite the
gels containing 20% acrylamide and 7.5 M urea. underlined template T. In assays containing 800 GTP,
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Ficure 5: Herpes primase readily incorporates ITP as a GTP 5 Sygg8d8daas o
analogue. Reactions contained 100 nM wild-type herpes heticase oyt sug g 8888 15 8§
primase, 2tM d(GCCC)s, 800uM [0-32P]GTP, and the indicated gggggg =48
concentration of ITP, except for the control reactions which lacked et ek b | e
either enzyme (C) or ITP—). New products of altered electro- BEBH % g
phoretic mobility are labeled with arrows on the right of the image P Ay ]
of the 20% acrylamide, 7.5 M urea gel. L

30+ 2 uM ATP resulted in synthesis of equimolar amounts

Ficure 6: Herpes primase does not incorporate most analogues
opposite a template C in the absence of the cognate GTP. Reactions

of pppGpGpA and pppGpGpG. Again, with the exception contained 100 nM wild-type herpes helicasgimase, 20uM
of 3-deaza-ATP, primase incorporated the other nucleotide d(TCTG)s, 800uM [a-*2P]ATP, and 20Q:M specified analogue,

analogues much less efficiently (Table 3). except for the control reactions which lacked either enzyme (C) or
. : . an analogue-). The products of altered electrophoretic mobility
Incorporation of NTP Analogues opposite @ith one due to incorporation of either ITP or 3-deaza-ATP are identified

exception, ITP, herpes primase did not readily incorporate py arrows. The electrophoretic mobility of the pppApA dinucleotide

NTP analogues opposite C. Including various NTP analoguesis noted to the left of the image of the 40% acrylamide gel.

in assays containing the template d(GC&G@nd 800uM

[a-*GTP resulted in inhibition of primase activity (Table Table 4: Rate of NTP Hydrolysis by the DNA-Dependent NTPase

2) but no new products of altered electrophoretic mobility. NTP rate ()P

The one exception was ITP, which primase readily polym- ATP 5800+ 1100

erized as a GTP analogue (Flgure 5). Including even low 2_chloro-ATP 210G+ 500

concentrations (10@M) of ITP in assays on d(GCCg) 2-fluoro-ATP 1000+ 200

resulted in products of altered electrophoretic mobility. ;-?’%ﬁza-ATF;h benzimidazole.NTP 50900% %880
H H H -trirfiluorometnylbenzimiaazole-

We further tested for analogue incorporation opposite a 6-trifluoromethylbenzimidazole-NTP 3708 1400
template C in the absence of the cognate GTP. Adding @ s trifiuoromethylbenzimidazole-NTP 2908 600
200 uM amount of each analogue in Chart 1 to reactions 4-trifluoromethylbenzimidazole-NTP 908 300
containing 20uM d(TCTG)s and 800uM [a-39ATP 4-nitrobenzimidazole-NTP 1106 600
resulted in detectable incorporation of only two NTP bﬁzﬁg‘_‘,‘\?%o'e‘”TP 1%%%&; 288
analogues (Figure 6): significant incorporation of ITP and r{_de‘,ﬂapu,rine_NTp 5808 2500
only trace amounts of 3-deaza-ATP. Thus, primase strongly ~ 7-3-0-GTP 2300+ 400
discriminates against polymerization of almost all of the ITP 2200+ 700

4,6-difluorobenzimidazole-NTP 2966 600

analogues tested.

a Assays contained 20M d(T,0GTCCTyg) and 80uM ATP or the
indicated analogué.Hydrolysis rates are an average of two to three
separate experiments for each compound.

The DNA-Dependent NTPase Hydrolyzes Many NTP
Analogues.We tested the ability of the DNA-dependent
NTPase activity of the primas¢elicase complex to hydro-
lyze NTP analogues (Table 4). Hydrolysis was measured in v 4rogen bonds with the template base. In contrast, the
assays containing 20M d(T2(GTCCTig) and 80QuM ATP DNA-dependent NTPase was very promiscuous in terms of
or a NTP analogue. Table 4 shows that the helicgsenase substrate specificity.
hydrolyzed all of the NTP analogues at rates similar to or ¢ DNA-dependent NTPase uses a remarkable broad
somewhat less than the rate at which it hydrolyzed ATP.  ange of substrates. The enzyme hydrolyzed every analogue
tested and many at rates comparable to the natural substrate,
DISCUSSION ATP. Previous studies have shown that the helicase will

We measured the ability of herpes primase to bind and hydrolyze all four NTPsX1) and will even remove the's
polymerize a series of NTP analogues containing bases thaterminal phosphate from short oligonucleotides (pppNpN,
varied significantly in terms of shape, hydrophobicity, and pppNpNpN, etc.) §). The ability of the NTPase to also
hydrogen-bonding potential. While the enzyme bound all of hydrolyze NTPs whose bases do not closely resemble the
these analogues with similar affinity, it only efficiently canonical bases suggests that hydrolysis does not require
polymerized those analogues that could form Wats0rick specific enzymebase interactions.
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The interaction of NTPs with the helicase active site may comes from the ability of primase to efficiently synthesize
account for the surprising ability of ATP and 2-chloro-ATP  both pyrimidine-pyrimidine and purine-purine mismatches
to stimulate primase activity. Previously, Weller and col- (34).
leagues showed that the primase and helicase activities Rather, the data indicate that herpes primase likely requires
exhibit a complex interdependencé&3]. Mutations that the formation of WatsonCrick hydrogen bonds, and most
impaired the NTPase activity that provides th& for DNA importantly between N-1 of a purine with N-3 of a pyrimi-
unwinding often stimulated primase activity. Thus, it would dine, to efficiently polymerize a NTP. Other than the natural
not be surprising if binding and/or hydrolysis of ATP and NTPs, the only two NTPs that primase readily polymerized
2-chloro-ATP in the NTPase site also affected primase contained the bases 3-deazaadenine and hypoxanthine, and
activity. Why the effects were so specific to these compounds both of these bases can form the aforementioned Watson
remains unclear. Further experiments to understand thisCrick hydrogen bond to thymine and cytosine, respectively.
process are underway. While primase occasionally polymerized NTPs containing

Herpes primase promiscuously binds NTPs, as evidencedbases incapable of forming hydrogen bonds (4-trifluoro-
by the ability of all of the analogues to inhibit, and in some methylbenzimidazole-NTP and 4-nitrobenzimidazole-NTP),
cases be incorporated by, primase. The studies showing thapolymerization of these NTPs was very inefficient.
5-trifluoromethylbenzimidazole-NTP and 2-fluoro-ATP in- The moderate discrimination against purine-NTP and
hibit primase competitively with respect to the NTP, the 2-fluoro-ATP and stronger discrimination against 2-chloro-
similarity in analogue structure, and polymerization of some ATP are also consistent with NTP incorporation based on
of the analogues indicate that the analogues bind into theWatson-Crick hydrogen bonding. Similarly to adenine, N-1
primase active site. Remarkably, in almost all cases the of purine can form a hydrogen bond with the proton on N-3
analogues inhibited primer synthesis more potently than aof thymine. Fluorine and chlorine decrease tl pf N-1
natural, noncognate NTP (Table 2). This included bases muchdue to their electron-withdrawing properti&¥(38), chlorine
more hydrophobic than a natural base (e.g., 4- and 7-tri- more so than fluorine. Importantly, this decreased proton
fluoromethylbenzimidazole), a base of similar hydrophobicity affinity should inhibit the ability of N-1 to form hydrogen
as a natural base but with the Watsa@rick hydrogen- bonds. Thus, the lower efficiency with which primase
bonding groups in unusual positions7-guanine), a base  polymerizes 2-fluoro-ATP as compared to ATP and even
shaped almost identically to a natural base (4,6-difluoro- lower efficiency for 2-chloro-ATP are consistent with the
benzimidazole), bases shaped very differently than a naturalenzyme requiring formation of a hydrogen bond at N-1 in
base (e.g., 5- and 6-trifluoromethylbenzimidazole), and a baseorder to efficiently polymerize a NTP. An alternative
capable of forming just one WatseiCrick hydrogen bond  explanation for these data with 2-fluoro-ATP and 2-chloro-
with the template base (purine). The identity of the template ATP is that the extra mass at C-2 inhibits polymerization.
base being replicated also has little effect on the ability of This seems unlikely, however, because primase readily
the NTP analogues to inhibit primase, as evidenced by similar polymerizes GTP and guanine contains extra mass at C-2
ICso values for inhibition of both ATP and GTP polymeri- vis-avis ATP. The importance of hydrogen bonding at the
zation. This relatively nonspecific binding of a wide variety N-1 is further supported by the fact that primase did not
of NTP analogues suggests that primase does not makeeadily incorporate 4-aminobenzimidazole-NTP, which can
highly specific contacts with the base of an NTP during the only hydrogen bond to thymine and/or cytosine by the C-6
initial binding event. exocyclic amine.

Whereas herpes primase very promiscuously binds NTP  The extremely rapid misincorporation of natural NTPs by
analogues, it strongly discriminates against polymerizing herpes primase can also be explained via a Wat€bitk
most nucleotide analogues with altered bases. The only NTPshydrogen-bonding model. The natural bases can exist in
that primase incorporated at rates similar to those of a naturaleither a major or minor tautomeric forn8%, 39). Im-
NTP contained the bases 3-deazaadenine and hypoxanthingaortantly, one can form WatserCrick hydrogen bonds
This contrasts with the remarkably low fidelity observed with between any two natural bases by employing both tautomeric
the natural bases. Previously, we found that primase generallyforms. While in aqueous solution the major tautomer is much
misincorporates NTPs at frequencies around 1/30, althoughmore stable than the minor tautom&9y, it is clear that
on occasion it misincorporates NTPs at frequencies as highenzymes can dramatically alter the relative stabilities of the
as 1/7 g4). major and minor tautomer. Johnson and Beese examined the

The strong discrimination against polymerization of most structure of a primer-template containing aTGmis-
analogues allows us to rule out several properties of the basesnatch bound to the thermophillBacillusDNA polymerase
as dominating the selection process. Primase stronglyl (40). Importantly, the structures of the -G mismatch
discriminated against NTPs containing unnatural bases muchsuggested that the tautomerization state of the bases varied
more hydrophobic than the normal bases (e.g., benzimid-depending upon where in the primer-template it was located.
azole, trifluoromethylbenzimidazole) and of similar hydro- Thus, a nucleotide selection model that emphasizes the
phobicity as a natural base @#p-GTP), indicating that  formation of Watson-Crick hydrogen bonds could account
hydrophobicity is not a dominant factor. Shape also cannot both for the ability of primase to discriminate against NTP
be a dominant factor since primase strongly discriminated analogues whose bases lack Wats@mick hydrogen-
against NTPs whose bases are slightly smaller (benz-bonding groups and for the high rate of natural NTP
imidazole), slightly larger (trifluoromethylbenzimidazole), misincorporation.
and similarly sized and shaped (4,6-difluorobenzimidazole, A key issue in terms of fidelity is how many mechanisms
4-aminobenzimidazole) as the natural bases. Further evidencexist to discriminate between right and wrong (d)NTPs. Both
for the lack of importance of size and shape of the base pairherpes and human primase appear to use similar mechanisms
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in choosing whether to polymerize a NTP. Like herpes 3.

primase, human primase efficiently polymerizes a NTP if it

can form hydrogen bonds involving both N-1 and the ,
exocyclic group at C-6 of a puring1). However, unlike
herpes primase, human primase does not polymerize a NTP
when hydrogen bonding is limited to just N-1 of purine. In
contrast, rapid polymerization of dNTPs by Klenow frag-
ment, an A family polymerase, does not require the incipient

base pair between the incoming dNTP and template base to 6.

either contain WatsonCrick hydrogen bonds or resemble

the shape of a correct base p&@r{29, 41—45). Similarly,
efficient dNTP polymerization by pak, a B family poly- 7
merase, likewise does not require the incipient base pair to
either contain WatsonCrick hydrogen bonds or resemble

a correct base pai28, 29). Indeed, recent studies indicate
that this enzyme obtains fidelity by using the hydrogen-

bonding groups on the base to specifically discriminate 9

against wrong dNTPs46). Thus, nature appears to have
evolved at least two different mechanisms to distinguish
between right and wrong (d)NTPs.

Why should human and herpes primase share similar I
mechanisms to discriminate between right and wrong NTPs?
One possibility is that this mechanism is common to all

primases. Mechanistically, the enzymes share a number of 11.

similarities including identical biological roles and extremely
low fidelity. Presumably, the low fidelity is tolerable since
the primer will not become a permanent part of the genome.

However, at the sequence level, these primases do not appearl3.

to be related to each othet§, 16, 47). Alternatively, the
use of Watson Crick hydrogen bonds to select the correct
(d)NTP may be a general hallmark of low-fidelity poly-
merases. Previous work has suggested that the low-fidelity
pol » discriminates between right and wrong dNTPs on the
basis of WatsorCrick hydrogen bondgig). It has also been
previously pointed out that the differences in stability of
correct and incorrect base pairs in solution are only sufficient
to permit a very low level of discrimination between right
and wrong (d)NTPs33).

Certainly, further investigation is needed to determine if
other primases and low-fidelity polymerases employ hydro-
gen bonding as a selection tool for nucleotide polymerization
and to obtain a mechanistic understanding of how a poly-
merase uses a Watseg@rick hydrogen bond to determine
whether to polymerize a (d)NTP. For example, satisfied
hydrogen bonds between NTP base and template base may
allow proper positioning of the NTP in the active site for
polymerization to occur. A mechanistic understanding of
nucleotide selection by herpes primase could also aid in the

development of new drugs against herpes that specifically 2q.

target herpes DNA replication.

21.

ACKNOWLEDGMENT

We thank Kristi Kincaid and Nisha Low-Nam for helpful
discussions.

REFERENCES

1. Goldstein, D. J., and Weller, S. K. (1988) An ICP6::lacZ insertional
mutagen is used to demonstrate that the UL52 gene of herpes
simplex virus type 1 is required for virus growth and DNA
synthesis,J. Virol. 62, 2970-2977.

23.

2. Boehmer, P. E., and Lehman, I. R. (1997) Herpes simplex virus 24.

DNA replication,Annu. Re. Biochem. 66347—384.

0.

12.

15.

16.

17.

18.

19.

22.

Ramirez-Aguilar et al.

Gottlieb, J., and Challberg, M. D. (1994) Interaction of herpes
simplex virus type 1 DNA polymerase and the UL42 accessory
protein with a model primer templaté, Virol. 68 4937-4945.

. Skaliter, R., and Lehman, I. R. (1994) Rolling circle DNA

replication in vitro by a complex of herpes simplex virus type
1-encoded enzyme®roc. Natl. Acad. Sci. U.S.A. 910665
106609.

5. Nimonkar, A. V., and Boehmer, P. E. (2003) Reconstitution of

recombination-dependent DNA synthesis in herpes simplex virus
1, Proc. Natl. Acad. Sci. U.S.A. 10020201-10206.
Ramirez-Aguilar, K. A., Low-Nam, N. A., and Kuchta, R. D.
(2002) Key role of template sequence for primer synthesis by the
herpes simplex virus 1 helicase-primaB&chemistry 4114669
14679.

. Ramirez-Aguilar, K. A., and Kuchta, R. D. (2004) Mechanism of

primer synthesis by the herpes simplex virus 1 helicase-primase,
Biochemistry 431754-1762.

8. Crute, J. J., and Lehman, I. R. (1991) Herpes simplex virus-1

helicase-primase. Physical and catalytic properfieBjol. Chem.
266, 4484-4488.

Crute, J. J., Tsurumi, T., Zhu, L. A., Weller, S. K., Olivo, P. D.,
Challberg, M. D., Mocarski, E. S., and Lehman, |. R. (1989)
Herpes simplex virus 1 helicase-primase: a complex of three
herpes-encoded gene produ@spc. Natl. Acad. Sci. U.S.A. 86
2186-2189.

Dodson, M. S., Crute, J. J., Bruckner, R. C., and Lehman, I. R.
(1989) Overexpression and assembly of the herpes simplex virus
type 1 helicase-primase in insect cellsBiol. Chem. 26420835~
20838 [erratum: (1990). Biol. Chem. 2654769].

Crute, J. J., Mocarski, E. S., and Lehman, I. R. (1988) A DNA
helicase induced by herpes simplex virus typeNticleic Acids
Res. 16 6585-6596.

Lehman, I. R., and Boehmer, P. E. (1999) Replication of herpes
simplex virus DNA,J. Biol. Chem. 27428059-28062.
Graves-Woodward, K. L., Gottlieb, J., Challberg, M. D., and
Weller, S. K. (1997) Biochemical analyses of mutations in the
HSV-1 helicase-primase that alter ATP hydrolysis, DNA unwind-
ing, and coupling between hydrolysis and unwindidg,Biol.
Chem272 4623-4630.

14. Graves-Woodward, K. L., and Weller, S. K. (1996) Replacement

of gly815 in helicase motif V alters the single-stranded DNA-
dependent ATPase activity of the herpes simplex virus type 1
helicase-primase]. Biol. Chem. 27,113629-13635.

Klinedinst, D. K., and Challberg, M. D. (1994) Helicase-primase
complex of herpes simplex virus type 1: a mutation in the UL52
subunit abolishes primase activity, Virol. 68 3693-3701.
Dracheva, S., Koonin, E. V., and Crute, J. J. (1995) Identification
of the primase active site of the herpes simplex virus type 1
helicase-primase]. Biol. Chem. 27014148-14153.

Biswas, N., and Weller, S. K. (1999) A mutation in the C-terminal
putative Zi* finger motif of UL52 severely affects the biochemi-
cal activities of the HSV-1 helicase-primase subcomple®iol.
Chem. 2748068-8076.

Calder, J. M., and Stow, N. D. (1990) Herpes simplex virus
helicase-primase: the UL8 protein is not required for DNA-
dependent ATPase and DNA helicase activitidscleic Acids
Res. 183573-3578.

Dodson, M. S., and Lehman, I. R. (1991) Association of DNA
helicase and primase activities with a subassembly of the herpes
simplex virus 1 helicase-primase composed of the UL5 and UL52
gene productsProc. Natl. Acad. Sci. U.S.A. 88105-1109.
Low-Nam, N. A., and Kuchta, R. D. Unpublished data showing
that purified HisUL8-UL52 complex lacks primase activity.
Parry, M. E., Stow, N. D., and Marsden, H. S. (1993) Purification
and properties of the herpes simplex virus type 1 UL8 protgin,
Gen. Virol. 74 607—-612.

Tenney, D. J., Hurlburt, W. W., Micheletti, P. A., Bifano, M.,
and Hamatake, R. K. (1994) The UL8 component of the herpes
simplex virus helicase-primase complex stimulates primer syn-
thesis by a subassembly of the UL5 and UL52 componehts,
Biol. Chem. 2695030-5035.

Gac, N. T. L., Villani, G., Hoffmann, J. S., and Boehmer, P. E.
(1996) The UL8 subunit of the herpes simplex virus type-1 DNA
helicase-primase optimizes utilization of DNA templates covered
by the homologous single-strand DNA-binding protein ICPS8,
Biol. Chem 271, 21645-21651.

Falkenberg, M., Bushnell, D. A., Elias, P., and Lehman, I. R.
(1997) The UL8 subunit of the heterotrimeric herpes simplex virus



Base Discrimination by Herpes Primase

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

type 1 helicase-primase is required for the unwinding of single
strand DNA-binding protein (ICP8)-coated DNA substratés,
Biol. Chem. 27222766-22770.

Kunkel, T. A. (2004) DNA replication fidelity]. Biol. Chem. 279
16895-16898.

Wong, ., Patel, S. S., and Johnson, K. A. (1991) An induced-fit
kinetic mechanism for DNA replication fidelity: direct measure-
ment by single-turnover kinetic&iochemistry 30526-537.

Wu, Y., Ogawa, A. K., Berger, M., McMinn, D. L., Schultz, P.
G., and Romesberg, F. E. (2000) Efforts toward expansion of the
genetic alphabet: optimization of interbase hydrophobic interac-
tions,J. Am. Chem. Soc. 122621-7632.

Chiaramonte, M., Moore, C. L., Kincaid, K., and Kuchta, R. D.
(2003) Facile polymerization of dNTPs bearing unnatural base
analogues by DNA polymerase alpha and Klenow fragment (DNA
polymerase |)Biochemistry 4210472-10481.

Kincaid, K., Beckman J., Zivkovic, A., Halcomb R. L., Engels, J.
W., and Kuchta, R. D. (2005) Exploration of factors driving
incorporation of unnatural dNTPs into DNA by Klenow fragment
(DNA polymerase |) and DNA polymerase Nucleic Acids Res
(submitted for publication).

Drake, J. W. (1991) A constant rate of spontaneous mutation in
DNA-based microbesProc. Natl. Acad. Sci. U.S.A. 88160-
7164.

Moore, C. L., Zivkovic, A., Engels, J. W., and Kuchta, R. D.
(2004) Human DNA primase uses Watsddrick hydrogen bonds

to distinguish between correct and incorrect nucleoside triphos-
phates Biochemistry 431236712374.

Sheaff, R. J., and Kuchta, R. D. (1994) Misincorporation of
nucleotides by calf thymus DNA primase and elongation of
primers containing multiple noncognate nucleotides by DNA
polymerase alphal. Biol. Chem 269, 19225-19231.

Loeb, L. A., and Kunkel, T. A. (1982) Fidelity of DNA synthesis,
Annu. Re. Biochem. 51429-457.

Ramirez-Aguilar, K. A., and Kuchta, R. D. (2004) Herpes simplex
virus-1 primase: a polymerase with extraordinarily low fidelity,
Biochemistry 439084-9091.

Moore, C. L., Chiaramonte, M., Higgins, T., and Kuchta, R. D.
(2002) Synthesis of nucleotide analogues that potently and
selectively inhibit human DNA primasBjochemistry 4114066~
14075.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.
47.

48.

Biochemistry, Vol. 44, No. 47, 20095593

Lanzetta, P. A., Alvarez, L. J., Reinach, P. S., and Candia, O. A.
(1979) An improved assay for nanomole amounts of inorganic
phosphateAnal. Biochem. 10095-97.

Broom, A. D., Amarnath, V., Vince, R., and Brownell, J. (1979)
Poly(2-fluoroadenylic acid). The role of basicity in the stabilization
of complementary helice8iochim. Biophys. Acta 56308-517.
Major, D. T., Laxer, A., and Fischer, B. (2002) Protonation studies
of modified adenine and adenine nucleotides by theoretical
calculations and (15)N NMR]. Org. Chem. 67790-802.

Cullis, P. M., and Wolfenden, R. (1981) Affinities of nucleic acid
bases for solvent wateBiochemistry 203024-3028.

Johnson, S. J., and Beese, L. S. (2004) Structures of mismatch
replication errors observed in a DNA polymeraSe|l 116 803—

816.

Morales, J. C., and Kool, E. T. (1998) Efficient replication between
non-hydrogen-bonded nucleoside shape analdgs,Struct. Biol.

5, 950-954.

Morales, J. C., and Kool, E. T. (2000) Varied molecular interac-
tions at the active sites of several DNA Polymerase: nonpolar
nucleoside isosteres as probédsAm. Chem. Soc. 122001~
1007.

Ogawa, A. K., Wu, Y., McMinn, D. L., Liu J., Schultz, P. G.,
and Romesberg, F. E. (2000) Efforts toward the expansion of the
genetic alphabet: information storage and replication with un-
natural hydrophobic base pais, Am. Chem. Soc. 123274~
3287.

Berger, M., Wu, Y., Ogawa, A. K., McMinn, D. L., Schultz, P.
G., and Romesberg, F. E. (2000) Universal bases for hybridization,
replication and chain terminatioMucleic Acids Res. 28911
2914.

Yu, C., Henry, A. A., Romesberg, F. E., and Schultz, P. G. (2002)
Polymerase recognition of unnatural base pairsgew. Chem.,
Int. Ed. Engl. 41 3841-3844.

Beckman, J., and Kuchta, R. D. Unpublished data.

Griep, M. (2000) Other Primases, http://chem-mgriep2.unl.edu/
replic/OtherPrimases.html.

Washington, M. T., Helquist, S. A., Kool, E. T., Prakash, L., and
Prakash, S. (2003) Requirement of Wats@rick hydrogen
bonding for DNA synthesis by yeast DNA polymerase &fa).

Cell. Biol. 23 51075112.

BI0513711



