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ABSTRACT. The critical role of NTP concentration in determining where calf thymus DNA primase
synthesizes a primer on a DNA template was examined. Varying the concentration of NTPs dramatically
altered the template sequences at which primase synthesized primers. At the low NTP concentrations
typically used forin vitro experiments (10(:M), primase greatly preferred to synthesize primers at
pyrimidine rich DNA sequences. However, when the concentrations of NTPs were increased to levels
typically found in whole cells, primers were now synthesized in all regions of the template. Importantly,
synthesis of primers in all regions of the DNA template, not just the pyrimidine rich sequences, is the
pattern of primer synthesis observed during DNA replication in whole cells. With low concentrations of
NTPs (i.e. Vma/Km conditions), primers are only synthesized at the most preferred synthesis sites, namely,
those that are pyrimidine rich. In contrast, under conditions of high NTP concentrations, primer synthesis
will occur at the first potential synthesis site to which primase binds. Now, the priDBl®ecomplex

will be immediately converted to a primafNA-NTP-NTP complex that is poised for primer synthesis.

DNA polymerasex-primase (pob-primase) is essential synthesized in whole cells comparedinaitro (Hay et al.,
for eucaryotic DNA replication and is capable of initiating 1984; Sheaff & Kuchta, 1993; Suzuki et al., 1993; Yamagu-
both leading strand synthesis as well as Okazaki fragmentchi et al., 1985). Both purified enzyme and whole cell assays
synthesis on the lagging strand. This four-subunit complex reveal that primase preferentially initiates synthesis opposite
contains two enzymatic activities: DNA primase and pol  a template thymidylate or deoxycytidylate by incorporating
(Hu et al., 1984; Kaguni et al., 1983; Tseng & Ahlem, 1983). ATP or GTP as the'&erminal nucleotide of the primer (Hay
On single-stranded DNA, the DNA primase activity catalyzes et al., 1984; Sheaff & Kuchta, 1993; Suzuki et al., 1993;
the synthesis of RNA primers of approximately-X0 Yamaguchi et al., 1985). However, whereas purified enzyme
nucleotides in length. The primers are transferred intramo- studies have shown that primase greatly prefers that the
lecularly to the pob active site and then elongated via ANTP remainder of the template be pyrimidine rich, whole cell
polymerization (Sheaff et al., 1994). Rwolprimase is unique  studies showed that primers are synthesized in all regions
in that it is the only nuclear enzyme complex capable of of the template, not just those that are pyrimidine rich
binding single-stranded DNA and initiating the synthesis of (Bullock et al., 1994; Harrington & Perrino, 1995; Yamagu-
DNA de nao. chi et al., 1985).

Unlike prokaryotic DNA primases (e.g., frofscherichia There exist multiple factors that could affect primase start
coli) that generally synthesize primers at specific sequencessite selection, including (1) NTP and dNTP concentrations,
on the template (Kitani et al., 1985; Yoda et al., 1988), (2) DNA sequence, (3) DNA structure, (4) accessory proteins,
eucaryotic primase initiates primer synthesis at many dif- anq (5) buffer conditions. For example, increasing the
ferent sequences (Bullock et al., 1994; Hay et al., 1984; concentration of a single NTP increases the frequency with
Suzuki et al., 1993; Tseng & Prussak, 1989; Yamaguchi et\yhich it is found as the second nucleotide of the primer
al., 1985). Importantly, there exists a _dramatlc d|ss!mllar|ty (Sheaff & Kuchta, 1993; Suzuki et al., 1993). This result is
between the template sequences utilized when primers ar&yredicted by the mechanism of primer synthesis where the
first NTP bound by the EDNA complex becomes the second
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Table 1: Synthetic Templates

«TC%O 5! -TCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCT -3
dTCChO 5! -TCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCC-3!
d@RCThO 5t -ACTACTACTACTACTACTACTACTACTACTACTACTACTACTACTACTACTACTACTACT-3!

C3R 51 -CCCTACGATGCCCTACGATGCCCTACGATGCCCTACGATG-3!

DNAg 5t -TCCATATCACAT-3"
3' -AGGTATAGTGTAGATCTTATCATCT-5'

"Bubble' Template

We have used synthetic templates of defined sequence asnd aphidicolin bind to the pak active site and form a
well as more natural DNA sequences to examine the role of ternary complex that inhibits pal activity but not primase
NTP concentration in determining where primase initiates activity (Sheaff et al., 1991). Reactions were initiated by
primer synthesis. Increasing the concentration of NTPs from the addition of enzyme and incubated at’€7for 1 h. After
the typically low levels used fan vitro experiments to those  the assays were quenched by adding 2.5 volumes of gel
foundin vivo eliminated the preference of the enzyme for loading buffer (90% formamide), products were separated
pyrimidine rich sequences. The likely mechanism of this by denaturing polyacrylamide gel electrophoresis (18%

effect and its implications are discussed. polyacrylamide 8 M urea) and analyzed via phosphorim-
agery (Molecular Dynamics). Background values were
EXPERIMENTAL PROCEDURES determined from identical reactions that lacked enzyme.

Primase-Coupled Pobt. Assays on the Short Synthetic
Templates of Defined SequendReaction mixtures (10L)

Unless noted, all materials and methods were as describedypically contained 50 mM Tris-HCI, pH 7.5, Mg£l
previously (Sheaff & Kuchta, 1993). Pel-primase was concentrations 5 mM in excess of the total NTP plus dNTP
purified from calf thymus with the use of immunoaffinity ~concentration, 6@M single-stranded template DNA, 10 nM
chromatography (Kuchta et al., 1990). Synthetic oligonucle- Pol a-primase, 0.05 mg mt' BSA, 0.1-2 mM NTPs, and
otides of defined sequence were from Oligos Etc. Inc. (Table 5—10 uM [a-*P]dNTPs. Reactions were initiated by the
1). The 458 nt ‘bubble’ template was as previously described addition of enzyme and incubated at 3Z for 1 h. After
(Harrington & Perrino, 1995). Poly(dT) was from Sigma. the reactions were quenched with gel loading buffer, products
The concentration of single-stranded DNAs was determined Were separated and analyzed as described above.
spectrally and is expressed in terms of total nucleotide. The Competition Reactions on Synthetic Templa@smpeti-
concentration of the 458 nt ‘bubble’ template is expressed tion assays were performed under primase-coupledopol
in terms of the number of 458 nt ssDNA sequences, and theassay conditions with two different single-stranded DNA

Materials.

concentration of DNA is given in terms of primer'&ermini. templates in the reaction. Template concentrations varied

All other reagents were of the highest purity available. from 5 to 150uM and were adjusted so that in the presence
of 100uM NTPs, approximately 50% of the primers were

Methods synthesized on each template. After the reactions were

Primase AssaysReaction mixtures (18L) contained 50 guenched with gel loading buffer, products were separated
mM Tris-HCI, pH 7.5, MgC} concentrations 5 mM in excess by denaturing gel electrophoresis and analyzed by phospho-
of the total NTP concentration, 6@M single-stranded  rimagery. The products due to primase-coupled pol
template DNA, 10 nM pobi-primase, 0.05 mg mt! BSA, activity on each template could be distinguished because they
and 0.2 mM [0-*?P]NTPs. To examine the effects of were of different lengths.
dNTPs (16-200 M) on primase activity under conditions Primase-Coupled Polo Assays on 458 nt ‘Bubble’
where polo could not polymerize the dNTPs, B8V DNAg Template Assays (15uL) to determine primase initiation
and 50uM aphidicolin were included in the assays. DA  sites on a natural sequence were performed identically to
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Scheme 1

EeD, <=E+D,sN,—> E+D+N,N, = RNA Primer
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the primase-coupled pal assays on synthetic templates,
except each reaction contained 0.028 pmol of the ‘bubble’
template (Harrington & Perrino, 1995). After incubation for
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Ficure 1: Effect of NTP concentration on the relative rate of primer
synthesis during primase-coupled pal activity on d(TCo.

1 h at 37°C, the reaction was quenched with an equal volume Primase-coupled pat assays were performed as described under

of 50 mM EDTA. The quenched reaction mixture was
concentrated to approximately& in vacuoand then diluted
with 10 uL of gel loading buffer. Products were separated
by denaturing polyacrylamide gel electrophoresis (8% poly-
acrylamide 8 M urea) and analyzed as described above.

RESULTS

Initially we examined the role of NTP concentration in

determining where primase initiates primer synthesis. Previ-

ous studies on purified pobi-primase have used NTP
concentrations much lower than those foumdivo. Typi-
cally, these assays contained-62lmM ATP and 106-200
uM CTP, GTP, and UTP (Bullock et al., 1994; Suzuki et
al., 1993; Yamaguchi et al., 1985; Yoda & Okazaki, 1983).
In contrastjn vizo ATP and GTP levels usually range from
1-4 mM, and CTP and UTP are typically 6:3 mM

Experimental Procedures. Initial conditions consisted ofu&0
d(TC)o and 100uM ATP and GTP. ATP ©), GTP @), or both
ATP and GTP Q) were varied from 100 to 200@M. The amount

of product formed with 10M ATP and GTP was normalized to
1. This value of 1 corresponds to a rate of 1.6 pmol of dNTP
polymerized h.

Effects of NTP Concentration on the Rate of Primase-
Coupled Pol Activity. The effect of varying the concentra-
tion of one or more NTPs on the rate of primase-coupled
pol a activity was examined using d(Té&) a template that
requires both ATP and GTP for primer synthesis (Figure 1).
Since synthesis of the RNA primer is the rate-limiting step
during coupled activity (Sheaff & Kuchta, 1993), the effect
of NTPs reflects changes in primase activity, not ol
activity. Elevating the ATP concentration while keeping the
GTP concentration at 100M stimulated primase-coupled
pol a activity approximately 3.5-fold at maximum stimula-

(Hauschka, 1973). Previous studies have already demon-ion, but further increasing the ATP concentration then gave

strated that varying the concentration of a single NTP will

partial inhibition. Increasing the GTP concentration while

increase the frequency with which that nucleotide becomesmaintaining the ATP concentration at 1@®8 maximally

the second nucleotide of the primer (Sheaff & Kuchta, 1993;
Suzuki et al.,, 1993).

stimulated primase-coupled pol activity approximately

Together, these data raised the2-fold (Figure 1) and then gave moderate inhibition at higher

possibility that by simultaneously increasing the concentra- GTP concentrations. In contrast, simultaneously elevating

tion of all of the NTPs to the levels found in whole cells,
one would dramatically alter where primase initiates primer
synthesis.

Scheme 1 depicts how varying the NTP concentration

the levels of ATP and GTP resulted in a much greater
increase in primase-coupled palactivity, approximately

11-fold, and demonstrated saturation behavior. Adding high
concentrations (2 mM) of either UTP or CTP, neither of

could greatly alter where primase initiates synthesis underwhich are required for primer synthesis, had either a slight

conditions where primase could bind to either of two different
binding sites in order to initiate primase synthesis. At low
NTP concentrations (i.eVma/Ku conditions), the rate of
E-DNA dissociation will be rapid compared to the rate of
E:-DNA-NTP-NTP quaternary complex formation. Under
these conditions, primase will have the opportunity to bind
to (and dissociate from) both template sites prior to primer
synthesis such that primer synthesis will occur at the
preferred site. In contrast, high NTP concentrations will
serve to trap primase at whichever initiation site it initially

inhibitory effect (16-15%) or no effect on the rate of
primase-coupled pol activity (data not shown). Increasing
the NTP concentrations on other templates [(Afs@nd
d(TCC)q gave qualitatively similar results (data not shown).
If the concentration of a single NTP was increased and that
NTP was required for initiation, i.e., dinucleotide synthesis,
we observed a-23-fold increase in primase-coupled pol
activity followed by inhibition. If both NTPs required for
initiation were increased simultaneously, aBb-fold in-
crease in primase-coupled pwlactivity was observed and

binds; the high NTP concentration immediately converts the the data demonstrated saturation behavior. Finally, elevating

E-DNA binary complex into a EDNA-NTP-NTP quaternary
complex that is poised to initiate primer synthesis. This

the concentration of a single NTP not required for initiation
affected the rate of primer synthesis ky15%.

model predicts that increasing the NTP concentration from  The Ky for NTPs during primase-coupled palactivity

the low values typically used for purified enzyme studies to
levels similar to those found in whole cells will greatly alter

was determined on several different templates (Table 2). In
each case, thi€y is significantly greater than the concentra-

where primase initiates primer synthesis. In order to test tion of NTPs typically used fom vitro assays (Bullock et

this model, we first examined how NTPs affect the rate of

al., 1994; Suzuki et al., 1993; Yamaguchi et al., 1985; Yoda

primer synthesis. Then, we examined how varying the NTP & Okazaki, 1983).

concentration affects primase’s choice of initiation sites on

Effects of NTP Leels on Primase Start Site Selection with

both synthetic templates as well as a more natural DNA Synthetic TemplatesThe different effects of changing one

template.

or multiple NTP concentrations on the rate of primer
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Table 2: Ku(NTPs) under Primase-Coupled RolAssay
Conditions for a Variety of Templatés

template Ku(NTPs) (mM)
d(TCxo 0.8+0.3
d(TCCho 0.7+0.1
d(ACT)20 1.7£05
poly(dT) 1.7+ 05
C3R 0.9+ 0.3
bubble template 0.3 0.03

@ Rates were determined as described under Experimental ProceduresSecon d and

All of the required NTPs for a given template were titrated from 100
#M to 2 mM while maintaining the required dNTPs at AM.
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Ficure 2: Effect of NTP concentration on utilization of d(T4g)
versus poly(dT) during primase-coupled pahctivity. Competition
assays between d(T4)nd poly(dT) were performed as described
under Experimental Procedures. The concentrations of ATP (A),
GTP (B), or both ATP and GTP (C) were varied as shown. The

Kirk et al.

thesized on poly(dT) is adenylate whereas the second
nucleotide of the primer synthesized on d(369 guanylate,
these data are consistent with previous work showing that
one can influence primase initiation by increasing the NTP
that will become the second nucleotide of the primer (Sheaff
& Kuchta, 1993; Suzuki et al., 1993). Finally, we examined
the effect of simultaneously raising the concentrations of ATP
and GTP (Figure 2). Even though we are now increasing
the concentration of the NTPs that will become both the
'Bterminal nucleotide of the primer synthesized
on each template, increasing the concentrations of ATP and
GTP from 100uM to 2 mM resulted in a 3.6-fold increase
in the number of initiations on d(Tgyrelative to poly(dT).

In competition experiments between d(AGdand poly-
(dT), the results were qualitatively similar to the competition
experiments between d(T4&)and poly(dT) (Table 3).
Increasing the concentration of only ATP resulted in a 17.5-
fold increase in the number of initiations on poly(dT), a
template where adenylate will become the second nucleotide
of the newly synthesized primer, relative to d(AGdl)a
template where guanylate will become the second nucleotide
of the newly synthesized primer (Sheaff & Kuchta, 1993).
Increasing the concentration of only GTP resulted in a 5-fold
increase in the number of primers generated from d(AET)
relative to poly(dT). Increasing the ATP and GTP concen-
trations simultaneously while keeping the concentration of
UTP at 100uM resulted in a 2.5-fold increase of primer
synthesis on d(ACT) relative to poly(dT). Likewise,
simultaneously increasing the concentrations of ATP, GTP,
and UTP resulted in a 5-fold increase in the number of
primers synthesized on d(ACx)relative to poly(dT). In
order to observe the effect of elevating the concentration of
an NTP required for primer synthesis but not involved in
dinucleotide formation, the concentration of UTP was
increased to 2 mM while holding the concentrations of ATP
and GTP constant at 1QeM. This resulted in a 1.2-fold
increase of primers synthesized on d(AgTdelative to
poly(dT) (Table 3).

Competition experiments were performed on several
additional templates to demonstrate that increasing the

relative amount of product formed on each template in the presenceconcentration of one or both of the NTPs required for

of 100 uM ATP and GTP was normalized to 1. This value of 1

corresponds to total rates of dNTP polymerization on both templates

of 1.0 (A), 1.2 (B), and 1.2 (C) pmol of dNTP polymerizedh

synthesis suggested that changing the concentration of NTP

would greatly influence start site selection. In order to test

this hypothesis, competition assays were performed where

primase could synthesize a primer on either of two different

templates. Since dNTPs were present in the assays such th
pol o could elongate the primase-synthesized primer, the

assays measured primase-coupledgpactivity, the physi-
ological reaction sequence of polprimase. The data shown

initiation could greatly alter where primase synthesized
primers (Table 3). With each of these pyrimidine rich

templates, initiation involves the polymerization of two

?Jurine NTPs (Sheaff & Kuchta, 1993). In each of the
competition experiments, altering the concentration of NTPs
altered which template was preferred for initiation, although
a{pe magnitude of the effect varied in the different competition
experiments.

Effects of NTPs on Primase Start Site Selection with
Natural Template Sequence3o confirm that these results

in Figure 2 demonstrate that elevating the concentration of were not an artifact of the short synthetic templates and that
a single NTP can have a dramatic effect on which template NTPs could dramatically alter initiation site selection on more
is utilized by primase. In a competition experiment between natural templates, we utilized a circular plasmid DNA that
poly(dT) and d(TCy, increasing the ATP concentration from  contained a bubble region of 458 nt (Harrington & Perrino,
100uM to 2 mM while maintaining the GTP concentration 1995). Two single-stranded copies of a 458 nt long natural
at 100uM resulted in a 5.2-fold increase in the number of sequence were incorporated into a dsDNA plasmid. The two
primers synthesized on poly(dT) relative to d(&)Con- identical stretches cannot hybridize to each other; thus a
versely, increasing GTP to 2 mM while holding the ATP ‘bubble’ is formed. Initiation sites can be determined from
concentration at 100M resulted in d(TCY, being utilized the length of primase-coupled palproducts, which consist
exclusively. Since the second nucleotide of primers syn- of an RNA primer elongated by pat to the end of the
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Table 3: Results of Competition Experiments with Varying Concentrations of NTPs

ATP GTP CTP uTP
d(TChopoly(dT) 5.2 [poly(dT)] >20 [d(TCdl
d(TCCopoly(dT) >20 [poly(dT)] >20 [d(TCC
d(ACT)s:poly(dT) 17.5 [poiy(dT)] 5.0 [d(ACT)] 1.3 [d(ACT)] 1.2 [d(ACT)]
d(TCCe:C3R 1.4 [d(TCC) 1.6 [C3R] 1.4 [C3R] 1.5 [d(TCG)
d(ACT)6:C3R 1.8 [C3R] 6.4 [C3R] 1.4 [C3R] 1.9 [d(ACT]
ATP/GTP ATP/GTP/UTP all NTPs
d(TC)c:poly(dT) 3.6 [d(TC)d
d(TCCopoly(dT) >20 [d(TCC]
d(ACT)zc:poly(dT) 2.5 [d(ACT)q] 5.0 [d(ACT)d]
d(TCCrs:C3R 1.2 [C3R] 1.6 [C3R]
d(ACT),:C3R 1.5 [d(ACT)q] 1.6 [d(ACT)]

a Competition assays where performed as described under Experimental Procedures. The frequency with which each template was used as a
substrate was measured with 1001 of all required NTPs, and this value was normalized to 1.0. The concentration of the indicated NTP(s) was
increased to 2 mM, and the frequency with which each template was used as a substrate was again measured. The values shown are the frequency
at 2 mM relative to the frequency at 1@01. The preferred template with 2 mM NTP is shown in brackets.
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Product Length (nt) primase start site selection on a natural template sequence. Assays
8ont — were performed and analyzed as described under Experimental

FiGuRE 3: Effect of simultaneously changing NTPs on primase Procedures. Panel A: NTP concentrations for each reaction were

start site selection on a natural template sequence. Primase-couplefane @) 20uM ATP, CTP, GTP, and UTP, (lane b) 4 mM ATP

pol o assays were performed and analyzed as described unde@nd 200uM CTP, GTP, and UTP, (lane c) 4 mM ATP, 2 mM
Experimental Procedures. Panel A: Initial conditions consisted of GTP, and 1 mM CTP and UTP. Panel B: Data in panel A were

0.028 pmol of ‘bubble’ template and 1QfM ATP, CTP, GTP, quantified using phosphorimager analysis.
and UTP. ATP and GTP were simultaneously increased from 100
to 2000uM. Panel B: Data from panel A were quantified using

phosphorimager analysis. uM of each NTP or 20(xM of each NTP. Primer synthesis

occurs primarily in five different regions of the template.

single-stranded region. The longer the product, the closerRegions 4 correspond to primer synthesis in pyrimidine
initiation was to the 3end of one strand of the bublle. rich regions of the template. Region 5 corresponds to
Figures 3 and 4 show the distribution of initiation sites Products of approximately 458 nt in length and represents

utilized by pol a-primase in assays containing either 100 initiation events that occurred adjacent to the junction
between single- and double-stranded DNA. These data are

consistent with previous vitro studies showing that primase

assay conditions with the ‘bubble’ template as described under Prefers toinitiate p_rimer ?’yntheSis in pyrimidin_e rich regions
Experimental Procedures, extdpJ of Klenow fragment { Exo) was of a template or in regions where ssDNA is adjacent to
also added. The product distribution in the absence and presence ofgspNA (Bullock et al., 1994; Harrington & Perrino, 1995;

Klenow fragment was identical, indicating that pmlhad elongated . . . .
the primase-synthesized primers to the end of the single-strandedSUZUKi et al., 1993; Tseng_ & Prussak, 1989; Yamaguchi et
template. al., 1985; Yoda & Okazaki, 1983).

2 Control reactions were performed under primase-coupledopol
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Table 4: Result of Competition Experiments with Varying DISCUSSION

Concentrations of dNTPs . .
! We have used synthetic templates of defined sequence as

daTP dGTP drTp well as a more natural DNA template to examine the role of

ggTC)so)Izpolyl(d(E)) 1.4 %gchio} 1.1 [poly(dT)] NTPs and dNTPs in determining where primase initiates
TCCo:poly(dT 1.6 [d(TC)q] 1.0 ; i i ;

d(ACThopoly(dT) 11 [d(ACT)] 1.0 10 primer synthesis. At low NTP concentrations, primase

greatly prefers to initiate primer synthesis at pyrimidine rich
* Competition assays where performed as described under Experi-ragions of a template. However, at higher NTP concentra-

mental Procedures. The frequency with which each template was used,. .o . . .
as a substrate was measured with #800f all required NTPs and 10 ions similar to those found in whole cells, primase readily

uM dNTPs, and this value was normalized to 1.0. The concentration iNitiates primer synthesis in all regions of the template.
of the indicated dNTP was increased to 134, and the frequency  Importantly, initiation in all regions of the template is
Witlh Whizh each tetrr?glf?;e l\j\g;scuz?d as rae ;L:it\ilsetrtit?h\g?rsemue;scurztti- Theualitatively similar to what is observed during DNA
values shown are i i i
10uM. The preferred temglate V\%’[h 131% dNTP is shown inqbrack)éts. rep_llqa}thn n WhOIe cells. In contrast to the _Iarge changes
in initiation site selection caused by varying the NTP
concentration, varying the dNTP concentration had little
Increasing the concentration of ATP from 208 to 4 effect on start site selection.
mM while maintaining the concentrations of CTP, GTP, and A mechanism by which the concentration of NTPs will
UTP at 200uM resulted in only a 30% increase in activity  dramatically affect where primase initiates primer synthesis
on the ‘bubble’ template, and the pyrimidine rich regions s provided in Scheme 1, a simplified situation where primase
were still favored for initiation (Figure 4). Similarly,  can synthesize a primer at either of two sites. At low NTP
increasing the concentrations of ATP and GTP to 2 mM concentrations (i.eYma/Ku conditions, Table 2), primer
while maintaining the CTP and UTP concentrations at 100 synthesis will occur at the most preferred site since primase
uM increased the rate of DNA synthesis by 2-fold and subtly will have the opportunity to bind to and dissociate from both
altered where primase synthesized primers (Figure 3).potential primer synthesis sites prior to primer synthesis. In
Regions 13, three template regions which are pyrimidine contrast, high NTP concentrations will serve to ‘trap’ primase
rich, were now utilized with much greater frequency relative at the initiation site to which it initially binds by immediately
to regions 4 and 5. converting the EDNA binary complex into an
The template competition experiments described earlier E:DNANTP-NTP quaternary complex that is poised to
showed that pyrimidine triphosphates could significantly alter initiate primer synthesis. As predicted by this model, primase
where primers were synthesized, strongly suggesting thatinitiates primer synthesis over all regions of the template at

increasing the concentrations of UTP and CTP would affect N9 NTP concentrations. Furthermore, while the concentra-
where primers were synthesized on the ‘bubble’ template. 10nS Of NTPs typically used fan vitro primase assays are

Therefore, primase-coupled pal activity was measured much below theKy (Table 2), the concentrations of NTPs

when the concentrations of the NTPs were adjusted to valuesfound in whole cells are similar to or greater than tg.

similar to those found in whole cells [4 mM ATP, 2 mM Varying the concentration of NTPs can also affect where
GTP, and 1 mM CTP and UTP (Hauschka, 1973)]. Raising primase initiates primer synthesis by specifically altering the

the NTP concentration to these values increased the rate ofdentity of the_ second nucleotide of the primer (Sheaff &
coupled activity by 3.8-fold (Figure 4). More importantly, :fuchta, 1995’3 3”“&' etal., 1993). This locctL)lrs becaushe the
primer synthesis now occurred along the entire single- 'St NTP to bind to the primasBNA complex becomes the

stranded template, not just the pyrimidine rich regions. It second nucleqtide of the pri_mer. . For exampl_e, increasing
should be noted that even within the preferred regions, the concentration of ATP during primer synthesis on dgiC)

P . " . increases the frequency with which GTP becomes the 5
specific sites are preferentially utilized (Figure 4), as opposed . . . )
to initiation occurring equally at every template base. Most terminal nucleotide of newly synthesized primers (Sheaff &

significantly however, utilization of the entire template for Kuchta, 1993). Thus, NTPs can affect where primase

initiation of primer synthesis is qualitatively similar to what initiates primer Synthesis in two ways: on a macroscopic

occurs durina DNA replication in whole cells (Hav et al scale, high NTP concentrations allow primase to initiate
19831) unng plication in w (Hay " synthesis in all regions of the DNA, not just pyrimidine rich

regions, and on a microscopic scale, high NTP concentrations
dNTPs Appear To Play a Minor Role in Primase Initiation. greatly influence which nucleotide is found as the second
We previously demonstrated that dNTPs can significantly nucleotide of the primer.
inhibit primase activity and that only dNTPs complimentary high concentration of an NTP may also influence
to the template are strong inhibitors (Kuchta et al., 1992). primase initiation by an inhibition mechanism. This NTP
Therefore, we used template competition assays to determingnay compete with the cognate NTP for binding to a
if ANTPs could alter where primase initiates primer SyntheSiS. primaseDNA-NTP Comp|exy thus |nh|b|t|ng primer Synthesis
Assays contained 1Q0M NTPs, and the concentration of a  at some sites. Consistent with this idea, we found that when
dNTP was varied from 10 to 138M. Table 4 shows that  synthesis of a primer required polymerization of at least two
the highest dNTP concentration altered template selectiondifferent NTPs, increasing the concentration of just one NTP
by less than 60% in each case, while lower dNTP concentra-caused stimulation of primer synthesis followed by inhibition
tions had much less effect (data not shown). Since these(vide infra). Additionally, since primase has a remarkably
results occurred when the dNTP concentration was greaterlow ability to discriminate against noncognate NTPs, as low
than the NTP concentration, conditions that are physiologi- as 1/30 in some cases (Sheaff & Kuchta, 1994), it can
cally irrelevant, these data indicate that INTPs play a minor incorporate a noncognate NTP that may result in the
role in determining where primase initiates primer synthesis. production of an abortive primer (i.e., an RNA primer that
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cannot be elongated by pal). Direct evidence that these example, low levels of M# greatly increase primase activity
mechanisms influence synthesis site selection comes fromand significantly alter start site selection on natural template
the ability of NTPs noncognate to the dinucleotide start site sequences (B. Kirk and R. Kuchta, unpublished data).
to affect where primase initiates primer synthesis (Table 3). Finally, accessory proteins such as RPA and SV40 T antigen
_ Immobilization of primase on a template and “trapping” aye heen shown to directly interact with primase as well
It ‘f"t a primer synthesis site appear to require formgnon ofa as to stimulate pak-primase activity (Collins & Kelly, 1991,
primaseDNA-NTP-NTP complex, not just a primase Erdile et al., 1991; Kenny et al., 1989; Melendy & Stillman,

DNA-NTP complex. If formation of a primaseNA-NTP i : : :
ternary complex was sufficient to trap primase at an initiation +993: Tsurimoto & Stillman, 1989). Therefore, it would not

site, addition of high concentrations of ATP should have be surprising if these accessory proteins also influence start
resulted in formation of a primasBNA-ATP complex at  Site selection. Studies to understand how these other factors

all thymidylate residues on a template. Since thymidylate affect site selection are in progress.

residues are scattered throughout the ‘bubble’ template, this

would have resulted in primer synthesis occurring throughout REFERENCES

the templatg "? pri_mase-coupled_ pl)bssay;. This did not Bullock, P. A., Tevosian, S., Jones, C., & Denis, D. (1984).
occur, thus indicating that formation of a primeSBlIA-NTP Cell. Biol. 14 5043-5055.

complex is insufficient to trap primase at an initiation site. Collins, K. L., & Kelly, T. J. (1991)Mol. Cell. Biol. 11, 2108~
Rather, only when all four NTPs are raised to the levels found _ 2115. _

in whole cells does one observe all regions of the template Dolgr':AreB%erj I§ 3"\,'302‘35_%3% Arthur, A. K., & Fanning, E. (1990)
being Ut”ized, for primer S,yntheSis' Previous Stl'_'dies have Dornreiter, .I., Erdile, L. F Gilbert, I. U., von Winkler, D., Kelly,
shown that primase can slide along the DNA and likely binds 1. 3., & Fanning, E. (1992EMBO J. 11 769-776.
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The data herein suggest a two-stage model for primaseHauschka] P. V. (1973)lethods Cell Biol. 3362-462.
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