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ABSTRACT: The p58 subunit of human DNA primase contains a region, M28844, that is homologous

to part of the 8 kDa domain of DNA polymerage Since regions of a protein that are highly conserved
evolutionarily often play important catalytic functions, we examined the effects of mutating this region

of the p58 subunit on primase activity. Deleting M288313 of the p58 subunit results in a protein that
binds to the primase p49 subunit but cannot support primer synthesis on any template when assays only
contain Mg" as the divalent metal. Including Mh a metal that stimulates initiation of primer synthesis,

in the assays now allows the enzyme to synthesize primers at a rate only moderately lower than that of
the wild-type enzyme on templates consisting solely of deoxycytidylates. While the enzyme is active
under these conditions, it has lost the ability to synthesize primers of defined length (i.e., count). Alanine
scanning mutagenesis of charged residues in this region revealed three amino acids, R302, R306, and
K314, that play important roles in both primer initiation and translocation. Conversion of these residues
to alanine interfered with initiation and significantly decreased the processivity of primase. Together,
these studies indicate that this “p#llike” region of p58 is important for three distinct aspects of primer
synthesis:; initiation, translocation, and counting. The implications of these results with respect to the
biological role of the p58 subunit and the mechanism of primer synthesis are discussed.

DNA primase is a DNA-dependent RNA polymerase that suggest that p58 plays a role in transferring the primase-
is essential for DNA replication1j. During leading and  synthesized RNA primer from primase to pal during
lagging strand synthesis, primase synthesizes an RNA primerinitiation of new DNA strands.
de novo on single-stranded DNA onto which DNA poly- The kinetic mechanism of primase consists of three
merasea (pol a)! can polymerize deoxynucleotides. Ad- discrete processes: initiation, extension, and terminatién (
ditionally, primase is involved in the checkpoint pathway 17). Initiation involves primase binding ssDNA and two
coupling DNA replication to repair2—5). Yeast containing  NTPs to form a quaternary complex, followed by dinucle-
mutations in primase fail to elicit a G1/S block in response otide synthesis. Primase rapidly extends the dinucleotide to
to DNA damaging agents, andenopusextracts require  a total length of 710 ribonucleotides (i.e., “unit length”)
primase activity for activation of the DNA replication during the extension process. Once primase synthesizes a
checkpoint. unit length primer, further primase activity is negatively

Primase and pob copurify as a four-protein complex, regulated until the primer is transferred intramolecularly to
with subunits of approximately 49, 58, 70, and 180 kba ( the pola active site and dNTPs are polymerized (termina-
8). The p180 subunit contains pal catalytic activity, and tion). Under typical in vitro conditions, the initiation step of
the p49 subunit contains the catalytic core of prime&e ( dinucleotide synthesis is rate-limiting in primer synthesis.
10). The p70 subunit may be important for p180 production  Primase frequently synthesizes a dinucleotide or trinucle-
and nuclear localization as well as tethering the qolpri- otide and then allows this product to dissociate into solution
mase complex to the replication fork, 12). To date, the  (16). When this occurs, primase rapidly reinitiates primer
precise function(s) of the p58 subunit remain(s) unclear. synthesis in order to try to synthesize a unit length primer.
Previous studies showed that p58 stabilizes the p49 subunitSince this reinitiation process is substantially faster than the
increases the rate of primer synthesis, and can bind ssDNArate of the original initiation event, conditions that prevent
as well as the partially duplex RNRNA product formed primase from synthesizing a unit length primer increase the
after primer synthesis9( 13, 14). In combination with rate of primer synthesis as measured in terms of total
immunoprecipitation experiments indicating that p58 is initiation events.
positioned between p49 and pl8Mb), these observations A second unique feature of primase is its ability to “count”

(18—-20). Regardless of the template sequence, unit length
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GM54194 (R.D.K.) and National Service Research Award GM19745 Additionally, primase will further elongate a unit length
(LK.Z). primer into longer products. Importantly, these longer
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Ficure 1: Sequence homology between the 8 kDa domain ofpand part of the 58 kDa subunit of primase. The sequence of the 8 kDa
domain of human pg$ was aligned against the sequences of the human and mouse p58 primase subunits using CLUSTALW as previously
described 21). Residues highly conserved between primase ang ok highlighted in black, and conserved residues are highlighted in

gray. Positively charged residues in the p58 subunit that were mutated to alanine are designated with a triangle. A line marks the sequence
removed from the p58 deletion mutant. Secondary structural elements determined from the NMR and crystal structufesrefghaiwn

below the amino acid sequences (Swiss Protein Database, SW: DPOB-RAT). Numbers in parentheses to the left of the sequence indicate
the amino acid position relative to the N-terminus of the respective polymerase. The accession number for each sequence is (top to bottom)
544186, 1346793, and 631665.

primase synthesizes primer multimers of ca. 20, 30, 40, etc.ously described14). Synthetic oligonucleotides of defined
nucleotides long. sequence were obtained from Oligos, Etc. The concentrations
A combination of sequence homologies and site-directed of ssSDNAs were determined spectrally and are expressed in
mutagenesis has been used to identify important residues inerms of total nucleotides. Radiolabeled NTPs and dNTPs
eukaryotic primase(l). Eukaryotic primase, archaebacterial were purchased from New England Nuclear. All other
primase, DNA polymerasg, and other members of the class reagents were of the highest purity available.
X nucleotidyl transferase family form a larger superfamily
and share significant homology in their catalytic cores. Methods
Between the catalytic p49 subunit of primase and the dNTP-
polymerizing 31 kDa domain of pop, this homology Site-Directed Mutagenesisingle-site and deletion mu-
consists of two sets of four residues that include the three tants of the primase p58 subunit were engineered using a
aspartates that form the metal binding center of/palong PACYC184-Hp58 plasmid generously provided by Dr. Bill
with an arginine (R304) that performs similar roles during Copeland (NIEHS, Research Triangle Park, NC) and the
catalysis by each enzyme. No high-resolution structural dataChameleon dsDNA site-directed mutagenesis kit (Strat-
on eukaryotic primase exist that could provide insights into agene). To construct the large deletion mutant, pACYC184-
the mechanism of primase, although the structure of an Hp58 was incubated witBpH to remove residues M288
archaebacterial primase was recently solved to 2.22. ( N348. (The upstreamSpH site was endogenous to
There is also a striking sequence similarity between the pACYC184-Hp58, and the downstream site was engineered
p58 primase subunit and the 8 kDa domain of p@Figure by site-directed mutagenesis.) The construction of the small
1 (21)]. In fact, the homology between p58 and the 8 kDa deletion mutant was similar except that the downstr&uti
domain is substantially greater than the homology betweensite was engineered nearer the endogeSpuisite in order
the two active sites involved in phosphodiester bond forma- 15 remove residues M284.313. The digested pACYC184-
tion. S_ince.regions of a _protein that are highly c_onserved Hp58 plasmids were then ligated overnight at °I6 and
evolutionarily often ple:y Important catalytic functions, We  ansformed into competent JM105 cells. Plasmids from
hypothesmed that th|§ pei-like séquencein p58 performs positive colonies were amplified and purified with Qiagen
a major role in primase activity. Here we report the mini-preps and sequenced at the DNA sequencing facility

construction and an_alys_ls of eight '_smgle-sne mutations and of the University of Colorado to confirm the presence of
one deletion mutation in the pdi-like sequence of p58. .
the correct mutations.

These studies revealed that mutating this region of p58
inhibits both initiation and elongation of primers, largely due ~ Enzyme Assay®rimase assays (10 mL) were performed
to an impaired ability of the enzyme to translocate along as previously described and typically contained /30
the template. Additionally, this region of p58 appears single-stranded DNA template, @AM primase, 200uM
important for the counting ability of primase. The biological [0-*2P]NTPs, 50 mM Tris-HCI, pH 7.5, 5 mM Mggl1 mM
and mechanistic implications of these results are discusseddithiothreitol, and 0.05 mg/mL bovine serum albumil6,
21). Reactions were initiated by the addition of enzyme and

EXPERIMENTAL PROCEDURES incubated at 37C for 0.5-60 min. After the reactions were
guenched by adding 2.5 volumes of gel loading buffer (90%
formamide), products were separated by denaturing poly-

Human recombinant primase p49 and p58 subunits wereacrylamide gel electrophoresis (280% polyacrylamide, 8
coexpressed ikscherichia colUM105 transformed cellsand M urea) and analyzed via phosphorimagery (Molecular
purified using Ni-NTA (Qiagen) chromatography as previ- Dynamics).

Materials
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Assays to measure primase-catalyzed extension of exog-

enously added primer-templates (D) contained 5QuM
RNA primed-DNA template, kM primase, 20M [ a-32P]-
NTPs, 50 mM Tris-HCI, pH 7.5, 5 mM MgG| 1 mM
dithiothreitol, and 0.05 mg/mL bovine serum albumin.
Reactions were initiated by the addition of enzyme and
incubated at 37C for 0.5-60 min. Products were separated
and quantified as described above.
Base Hydrolysis of PrimersPrimase assays were per-

formed as described above. NaOH was added to a final
concentration of 0.08 M, and the samples were heated at 90

°C for 10 min and quenched with 2.5 volumes of gel loading
buffer.

RESULTS

Effects of Deleting Part of the Pdl-like Region of p58
To determine the importance of the glike motif in p58,

a deletion mutant was constructed that lacks a large segmen

of this region [M288-L313 (Figure 1)]. We chose to delete
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Ficure 2: Effect of the p58 deletion on primase activity. (A) The
activity of the isolated p49 subunit (@M) and p49/p58 primase
complexes (1uM) containing either wild-type primase (WT) or

this segment because the two conjoined amino acids (C287the deletion mutant p49/DMp58 (DM) was measured in assays
and K314) correspond to two residues in the homologous 8 containing 60uM (dC)so and 200uM [o-*?P]GTP as described

kDa domain of poJs (A43 and P63) that are close together

(23, 24). The deletion mutant was overexpressed and purified

in complex with wild-type p49 (p49/DMp58) i&. coli using
Ni-NTA chromatography. Copurification of both the p49 and

under Experimental Procedures. The presence or absence of 100

uM MnCl; in the assays is noted in the figure. A control reaction

was conducted under identical conditions that lacked enzye (
Products were separated on a 20% denaturing polyacrylamide gel
and quantified via phosphorimagery. Product length is noted to the

DMp58 subunits, as evidenced by their presence on a stainedeft of the image. (B) Primase assays contained either wild-type or

sodium dodecyl sulfatepolyacrylamide gel, indicated that
the deletion did not grossly alter p49/p58 binding since only
the DMp58 subunit contained a His tag.

To initially assess how the deletion mutation affected
primase activity, p49/DMp58 and wild-type primase were
incubated with (dC) and 20QuM [a-32P]GTP. As expected,
in assays containing the wild-type enzyme and only*Mg
as the divalent cation, the majority of products were full-
length primersz7 nucleotides long. In contrast, p49/DMp58

p49/DMp58 primase were performed as in (A), except théP]-

GTP was replaced with either 20, 50, or 100 [y-3?P]GTP. The
apparent large differences in the relative amounts of dinucleotide
and longer products between panel A and panel B result from the
assays in panel A employing{3?P]GTP while those in panel B
employed §-32P]GTP. Whereas in panel A the dinucleotide and
long products will contain 2 and approximately 4&-labeled
nucleotides, respectively, in panel B both dinucleotide and long
products will contain just B2P-labeled nucleotide because only
the B-terminal nucleotide of the primer retains jtsphosphate.

synthesized no detectable products under these conditions.7%, 2.7%, and 26% that of wild-type activity, respectively.

(Figure 2). Since adding M to assays containing Mg

Since previous studies demonstrated that botMand

stimulates primase activity via an effect on the p58 subunit cytosine-rich templates enhance primer initiati@a, (25),

(25), the ability of Mr#™ to enhance p49/DMp58 activity
was measured. Including 1060/ Mn?" dramatically stimu-
lated p49/DMp58 activity such that the level of primase
activity was now only moderately less than that of wild-
type primase [42t 7% of wild type (Figure 2)]. We tested

the hypothesis that the products synthesized by p49/DMp58

resulted solely from activity of the p49 subunit by measuring

the ability of the isolated p49 subunit to synthesize products

on (dC)yin assays containing 1M Mn?*t (Figure 2). Only
small amounts of products were synthesized% of the

amount synthesized by p49/DMp58. Thus, high rates of
primer synthesis by p49/DMp58 requires the presence of both

subunits.

Primer synthesis by p49/DMp58 was tested on a large

panel of templates in assays containing bott¥Vand Mre*.

p49/DMp58 synthesized no detectable products on poly(dT) 5 panel B).

and d(TC}o, while on d(CCT)o, d(TTCC);5, d(GR), (dChy,
and (dC)o, the level of p49/DMp58 activity was 0.3%, 0.6%,

2 A larger deletion mutant lacking the sequence (M28848) was

also engineered. However, this form of p58 was not successfully
expressed in JM105 cells, either in the presence or in the absence o

the p49 subunit. Interestingly, the corresponding residues iff,po#3
and D92, are located quite far apart from each other.

these results suggest that p49/DMp58 initiates primer
synthesis much less efficiently than the wild-type enzyme.

Curiously, the p49/DMp58 and wild-type primases syn-
thesized products of very different size distribution on (gC)
Whereas the wild-type enzyme generated a small amount of
dinucleotide, significant amounts of unit length primerslD
nucleotides long, and primemultimers ca. 40 nucleotides
long, p49/DMp58 only generated dinucleotide and products
ca. 40 nucleotides long. To ensure that the 40 nucleotide
long products were, in fact, bona fide RNA primers, two
controls were performed. First, treatment of the products
synthesized by p49/DMp58 with base resulted in their
complete destruction, demonstrating that they did consist of
RNA (data not shown). Second, we examined primer
synthesis in assays containing#P]GTP and (dC) (Figure
If the products were true primers, labeled
products should be generated starting wjtFJP]GTP since
the B-terminal nucleotide retains ifsphosphate. In contrast,
if the products resulted from polymerization of NTPs directly
onto either the template or a small contaminating oligo-

fnucleotide present in the reactions, no labeled products

should be observed. As shown in Figure 2, p49/DMp58
synthesizes radiolabeled products in assays contaipifi]-
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Table 1: DNA Templates Uséd

d(TC)3o ®)PCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTC
d(CCT)yo ") CCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCT
d(CsR) ") CCCTACGATGCCCTACGATGCCCTACGATGCCCTACGATG

d(TTCC);5 (3 PPCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCTTCC
d(TCTA)s S PCTATCTATCTATCTATCTATCTATCTATC TATCTATCTATCTATCTATCTATCTATCTA
d(TCTG);s  * ' TCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTG
d(TCTCTA)o *"’ATCTCTATCTCTATCTCTATCTCTATCTCTATCTCTATCTCTATCTCTATCTCTATCTCT
d(TCTCTG)yp *"’GTCTCTGTCTCTGTCTCTGTCTCTGTCTCTGTCTCTGTCTCTGTCTCTGTCTCTGTCTCT
d((TC)sA)s ' TCTCTATCTCTCTCTCATCTCTCTCTCATCTCTCTCTCATCTCTCTCTCATCTCTCTCTC
d((TC)G)s  *TCTCTGTCTCTCTCTCGTCTCTCTCTCGTCTCTCTCTCGTCTCTCTCTCGTCTCTCTCTC
d(TCA)z ) TCATCATCATCATCATCATCATCATCATCATCATCATCATCATCATCATCATCATCATCA

RNAS8/43mer” " UUUGAGAG
B AAACTCTCTCTCTCTC TGGGGGTAAAATGGGGCAAAATGGGGC

aln RNA8/43mer, the primer is RNA while the template is DNA.

GTP. Together, these two controls indicate that the long amino acids nearest the three residues that most severely
products are true RNA primers. affected primase activity in order to better understand the
The lack of unit length primers suggested that deleting role(s) of these residues in primase activity. p58 proteins
part of p58 interfered with the ability of primase to count. containing either K293A, H299A, R302A, R306A, K314A,
Primer synthesis on (d¢)was examined in assays contain- or K328A were coexpressed with wild-type p49 and purified
ing only 100 uM GTP, conditions that result in the using Ni-NTA chromatography. Similar to the deletion
accumulation of large amounts of primers10 nucleotides ~ mutant, each single-site mutant was successfully purified in
long relative to primer multimers. As shown in Figure 2, complex with p49, indicating that these mutations did not
this again resulted in the accumulation of no detectable unit grossly alter the interaction of p58 with p49.
length primers by p49/DMp58. Likewise, further decreasing
the concentration of GTP to either 50 or 2® still resulted
in the accumulation of no unit length products by p49/
DMp58. In contrast, wild-type primase synthesized large
amounts of unit length primers under these conditions (Figure
2). These results were not limited to just (d§)since on
the other templates where p49/DMp58 primase showed
measurable activity, (dgy (dCho, and d(GR), the enzyme
synthesized only dinucleotide and very long products (data
not shown). Thus, deleting part of the p®like region of
p58 appears to interfere with the ability of primase to count.
Construction and kaluation of Single-Site Mutant§o

The activity of the coexpressed mutant p49/p58 complexes
was assessed on three templates, poly(dT), dgl@nd
(dCo, where the initiating dinucleotide synthesized would
vary in stability from two AT base pairs [poly(dT)] to two
G-C base pairs [(dGj]. On poly(dT), both R306A and
K314A exhibited greatly reduced rates of initiation, 92% less
than wild type, and synthesized only trace amounts of
products greater than two nucleotides long (Table 2 and
Figure 3). Under similar conditions, the K293A, H299A,
R302A, and K328A proteins exhibited minimal changes
relative to the wild-type enzyme. In contrast to the decreased

: : ; te of initiation on poly(dT), the rate of initiation by the
further analyze the pofs-like sequence in p58, eight ra S
conserved, positively charged amino acid residues (K270,R302A’ R306A, and K314A proteins increased &fold

R289, K293, H299, R302, R306, K314, and K328, Figure 'clative to wild type on the template d(T&)(Table 2).

1) were individually mutated to alanine and expressed aloneP”m.er initiations likewise |ncre'ased on the temp.lat'e @C)

in JIM105 cells. Each p58 mutant was combined with wild- ff"l.b_e't. to a lesser extent. As dlscussed_later, th's mcre_ased
type p49 to form the p49/p58 complex, and activity was initiation ra}te results from an accumulation of dinucleotide.
measured in assays containing (g#Gnd 200uM [0-32P]- The mutaﬂon_s K29.3A, H299A, and K328 he;d no effect on
GTP. Primase complexes bearing the K270A, R289A, Primase activity using either d(Tezor (dCho.

K293A, H299A, and R302A mutations had activity similar ~ To provide further evidence that the mutations R306A and
to that of the wild-type enzyme (85%, 104%, 102%, 88%, K314A interfere with initiation on poly(dT), we added 100
and 115% of wild-type activity, respectively) while com- «M Mn?*, a metal that enhances initiatic?H], to the assays.
plexes bearing the R306A, K314A, and K328A mutations Initiation events increased by 3-fold for both proteins;
exhibited reduced activity (57%, 29%, and 64% of the wild- however, the rate of initiation remained much less than for
type enzyme, respectively). We then focused on the six the wild-type protein. Interestingly, these mutant proteins still
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Table 2: Primase Activity on Poly(dT), d(T&) and (dCla strong evidence that the pgl-like sequence in p58 is
important for initiation.

dinucleotide " .
template/protein total produéts (% total product) In ad_d|t|on to affecpng the amount of total product
VT synthesized, the mutations R302A, R306A, and K314A also
po\}\/,i(ld &,pe 1 6145 altered the size distribution of the products as compared to
R296A 1.0+ 0.10 554 2 the wild-type enzyme (Figure 3). As indicated above, the
H299A 0.974+0.04 56+ 1 R306A and K314A mutants almost exclusively synthesized
R302A 1.1+0.2 S0£5 the dinucleotide on poly(dT). On the template d(I&C)he
R306A 0.08+0.03 90+2 R302A, R306A, and K314A mutants synthesized 3.1-, 3.7-
K314A 0.08 0.06 84+ 9 ’ »and 1S Synth S
K328A 08+0.1 554+ 2 and 2.9-fold, respectively, more dinucleotide than the wild-
d(TCo type enzyme and increased the trinucleotide product by 1.9
wild type 1 66+ 2 2.1-fold relative to the wild-type enzyme. The wild-type,
Egggﬁ iﬁ 8'3 giig R306A, and K314A primase complexes synthesized similar
R302A 31407 81+ 3 amounts of products-3 nucleotides long, while K314A
R306A 3.8+ 0.6 88+ 2 synthesized slightly fewer long products on d(3Figure
K314A 31+03 87+ 1 3). Similarly, on (dC), the three mutant proteins generated
(dg)fZSA 17404 63+ 4 3.1-4.2-fold more dinucleotide than the wild-type enzyme,
wild type 1 12+ 4 while each protein synthesized similar levels of products
K293A 0.984 0.06 10+ 7 longer than a dinucleotide (trinucleotide levels were below
H299A 1.0+0.1 81 the limit of detection). This accumulation of short products
R302A 14+02 23+1 indicates that, in addition to inhibiting initiation of primer
R306A 1.0+0.1 24+ 1 ; . : . : i
K314A 1.20+ 0.08 36+ 1 synthesis, thesg mutatlo_ns |.nte.rfere with primer elongation.
K328A 1.0+ 0.01 12.3+ 0.1 Because previous studies indicated that M@h enhance

= Assays were performed as described in Figure 2. The total moles Primer extensionZ5), we tested the effect of Mngbn the
of product synthesized for the wild-type enzyme on each template was products synthesized by the mutant enzymes. However,
normalized to 1. adding MnC} did not alter the relative amounts of dinucle-

otide and longer products formed by the R302A, R306A, or

poly(dT) d(TC)3 d(Cyo K314A proteins (data not shown).
4 Effect of Mutating p58 on Extension of the Dinucleotide
Conversion of the dinucleotide to the trinucleotide reflects
a competition between dissociation of the dinucleotide from
the enzyme and polymerization of the next correct NZ®).(
Thus, accumulation of dinucleotide could reflect either
increased rates of dinucleotide dissociation or decreased rates
of any step during polymerization of the next correct NTP
. and with which dissociation competes. Minimally, NTP
9- ;--f::: polymerization requires at least three processes, a translo-

-7 cation event to the next template base to be read, binding of

the next correct NTP, and polymerization of the next correct

Length (nucleotide number)

g_ EEEE = NTP. Since we cannot directly measure the rate of dinucle-
j. mm=— - . otide dissociation, we measured the competition between
— - - — :fi(é dissociation and binding and polymerization of the next
AA- "'""_'. g correct NTP.
:;§§§§§2j:§§§§§2§:;§§$$§3 Wild-type and mutant primase were incubated with the
MALRL MM T ML R AL T TN T RN template d(TCTAs, [y-3?P]JATP, and GTP. Previous studies

Ficure 3: Effect of mutating individual amino acids in p58 on indicate that primase greatly prefers to incorporate GTP as
primase activity. Activity was measured in assays containinl1 _  the second nucleotide of the primés}; hence primase can

rimase complexes [either wild type (WT) or the designated p58 . . . . :
pmutam]’ 60#,5' templ[ate [poly(d%,pd('(rcg)g,) or (AC)] 0. synthesize the dinucleotide pppApG and the trinucleotide

4M [a=3?P]NTPs, as described under Experimental Procedures. PPPAPGPA, but synthesis of longer products will be mini-
Control reactions for each template were conducted under identicalmized due to the absence of UTP. Thus, we can measure
conditions that lacked enzyme-J. Products were separated on a dinucleotide extension without the complication of subse-
20% denaturing polyacrylamide gel and visualized via phospho- quent polymerization reactions. Additionally, using®P]-
fimagery. ATP will result in only those products containing & 5
did not synthesize any products longer than two nucleotidesterminal ATP being radioactive, thereby eliminating any
long (data not shown). Together with the data from p49/ complications due to initiation opposite the template deoxy-
DMp58, these effects of mutating R306 and K314 provide cytidylate (i.e., pppGpA synthesi$)n assays containing 200
uM ATP and GTP, the R302A, R306A, and K314A mutants
3The slightly greater effects of mutating K328 when p58 is were significantly impaired in their ability to elongate the
individually expressed and then combined with p49 versus when the dinucleotide. Dinucleotide elongation decreased by 23%,

two subunits are coexpressed may indicate that this residue is importantq g 0 ; ;
for the stability of p58 and/or binding to p49. Coexpressioiircoli 82%, and 93%, reSpeCtlvely’ for each of the mutants relative

may mask these effects due to the presence of cellular chaperones that0 Wild-type primase (Figure 4), consistent with the results
could catalyze complex formation. described earlier on poly(dT), d(T4g)and (dC)o. Then, the
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Ficure 4: Effect of the p58 mutations R302A, R306A, and K314A
on extension of the dinucleotide generated during initiation of
primer synthesis. Activity was measured in assays containirg 1
primase complexes [either wild type (WT) or the designhated p58
mutant], 60uM d(TCTA)1s, and 200, 400, 800, 1000, 1500, and
2000uM [y-32P]JATP and GTP as described under Experimental

2000 200 2000 200 20000 200 2000

Procedures. Control reactions for each template were conducted

under identical conditions that lacked enzyme.(Products were
separated on a 20% denaturing polyacrylamide gel and quantified
via phosphorimagery.

Table 3: Steady-State Kinetic Parameters for the NTP When Using
RNA8/43mer as Template

Vmax,ATP
[pmol of ATP/
protein Kmate(uM)  (pmol of enzymeh)]  VmaxatdKmate
wild type 192 76 0.40
R302A 106 106 1.00
R306A 74 72 0.97
K314A 78 38 0.49
DMp58 88 33 0.38

a Assays for addition of a nucleotide onto a preexisting RNA primer
were performed as described under Experimental Procedures.

effect of increasing the NTP concentration on the competition
between dissociation of the dinucleotide from the enzyme
and polymerization of the next correct NTP was measured.
If the mutations either increased the rate of dinucleotide
dissociation relative to NTP binding/polymerization or

Zerbe and Kuchta

Table 4: Steady-State Kinetic Parameters for the NTPs When Using
d(TC) as Template

VmaxNTP
[pmol of primer/

protein KnNTP(uM)  (pmol of enzymeh)]  Vima TP/K NP
Total Products
wild type 152 26 0.2
R302A 167 35 0.2
R304A 865 72 0.1
K314A 2500 116 0.05
Unit Length Products

wild type 69 4 0.06
R302A 67 2 0.03
R304A 461 2 0.004
K314A 604 1 0.002

aPrimase assays were performed as described under Experimental
Procedures with 628M DNA. ? Unit length products represent primers
>8 nucleotides long.

phodiester bond formation and are consistent with previous
studies showing that large portions of p58 can be deleted
without affecting phosphodiester bond formation by p3) (

Steady-State Kinetic Parameters of the p58 Mutahts
further evaluate the effects of the mutations R302A, R306A,
and K314A on NTP polymerization, steady-state kinetic
parameters were measured on d@F%C)he DNA concentra-
tion used for these studies, G0, is substantially above its
Km for each enzyme (wild type, 1aM; R302A, 6 uM;
R306A, 6 uM; K314A, 9 uM). Kinetic parameters were
measured in terms of both total products synthesized and
products synthesized that polcan elongate (i.e., unit length
primers). With both measurements, th&, for NTPs
increased substantially (Table 4). Interestingly, g for
the mutant enzymes could both increase (total products

decreased the rate of NTP binding/polymerization, increasing synthesized) and decrease (unit length primers synthesized),
the NTP concentration should have decreased dinucleotidedepending upon which products were analyzed. This in-
accumulation. However, Figure 4 shows that increasing the creasedviax when measuring total products results almost
concentration of GTP and ATP up to 2 mM did not enhance entirely from the large accumulation of dinucleotide upon
the fraction of dinucleotide elongated for any of the mutants mutation of p58. In fact, the dinucleotide is the predominate
tested. Thus, dinucleotide accumulation did not result from product synthesized by all of the enzymes when measured
a decreased rate of binding/polymerization of the next correcton a molar basis, as shown by the much laMjgs obtained
NTP relative to dinucleotide dissociation. when measuring total product.

Mutating p58 Does Not Inhibit Elongation of Exogenously ; ; ; ; ;
Supplied RNA PrimersTo directly test the possibility that ;- ':f;t"’,‘ig'feﬁii E{aamgggﬁg){e%f?gg;? #ﬂ:to qul'ePSI)s/nlilhoiSIs
mutations in p58 affected phosphodiester bond formation, Involved in Dinucleotide SynthesiSurprisingly, the R306A

Wet lmeadSl’J\Ir_?g thle Eﬁ?Ct? of tk;e muta};o?s ROIG Aprl_mase- and K314A proteins exhibited substantially reduced dinucle-
catalyzed N | = polymerization onto a syntnetic PIIMET™ *stide synthesis on the template d(TCTA%s compared to
template. Primase was incubated with RNA8/43mer (Table : N : .
1) in the presence of onlyaf®?P]ATP, conditions where the wild-type enzyme (7580% less, Figure 4), while the
fimase an olvmerize a sinale NTF; onto the prir).( R302A protein synthesized only slightly more dinucleotide
KII of the sin F?e-xs/ite mutants a?s well as the dele?ion mﬁtant than the wild-type enzyme (20% more, Figure 4). In contrast,
> SIng . . the mutant proteins generated much more dinucleotide on
polymerized ATP onto the RNA primer with steady-state the templates d(TG) and (dC)o (Figure 3 and Table 2)
kinetic parameters either comparable to or slightly greater We consi dered two potential e(>)< IagationS' (i) the rese.nce
than wild type (Table 3). Thus, the effects of these mutations . 1o o rines hibited dinucleotide 'synthesiz by the
n primer synthesis are likely n ff n phos- - .
on primer synthesis are likely not due to effects on phos mutant enzymes, and (ii) the lack of a required NTP inhibited
“simi ot ainingF?PIGTP instead obZPIATP dinucleotide synthesis. To demonstrate that the dramatically
imilar experiments containing Instead O1y- H . H
were conducted to label both pppApG and pppGpA dinucleotide decreased dmupleohd_e synth§3|s was nof[due to the presence
products. Wild-type primase produced similar amounts of dinucleotide Of template purines, dinucleotide synthesis was measured on
in assays containing eithen{2P]GTP or [-*2P]JATP, and the mutant  the template d(TTCG). In the presence of only GTP, the
primases showed similar reductions in dinucleotide elongation regardlessR306A and K314A proteins generated 80% and 66% less
of whether f-32P]- or [y-*?P]JATP was employed (data not shown). . - - .
dinucleotide than the wild-type enzyme, respectively (Table
5

Thus, these mutations do not affect the preference of primase for using
GTP as the second nucleotide of the primer.
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Table 5: Comparison of Dinucleotide Synthesis on Various 4 ER302
Templates in the Presence of All Required NTPs with Dinucleotide CIR306
Synthesis in the Absence of One Required RTP _ é EK314
allrequired  absence of one  missing = 5 37
template/enzyme NTPS required NTP NTP § §
d(ATCT)1s g rt
wild type 1 1 UTP SlE 2
R306A 2.6 0.2 UTP = %
K314A 1.4 0.3 uTP 2|3
d(TTCC)s ala
wild type 1 1 GTP Sl 14
R306A 1.3 0.1 GTP E|E
K314A 1.9 0.05 GTP
d(TTCC)s
wild type 1 1 ATP 0-LE ]
R306A 1.3 0.2 ATP Purines per
K314A 1.9 0.3 ATP Template 15 15 10 10 5 5 0
d(TCA)0
wild type 1 1 UTP Purine A G A G A G -
Eg&?ﬁ 113 82 LLJJ‘-II'—IE Ficure 5: Effect of changing the frequency with which primase
d(TCA) : : will encounter a template base for which it lacks a cognate NTP.
wild tz;pe 1 1 ATP Activity was measured in assays containinguM primase
R306A 19 0.04 ATP complexes (either wild type or the designated p58 mutant)Ns0
K314A 15 0.01 ATP template, 20M [a-3?P]JATP and GTP, 5 mM MgGl 0.05 mg/
d(TCA)0 ’ ' mL BSA, 1 mM_DTT, _and 50 mM Tris, pH 7.9, for 1 h. The
wild type 1 NDF GTP templates contained either 15 [d(TCTA)and d(TCTGys], 10
R306A 1.9 ND GTP [d(TCTCTA)pand d(TCTCTG), 5 [d((TC)sA)s and d((TCIG)s],
K314A 15 ND GTP or 0 [d(TC)q purine residues [deoxyadenylate (A) or deoxygua-

- - nylate (G)]. Products were separated on a 20% denaturing poly-
2 Assays were performed as described under Experimental Proceduregcrylamide gel and quantified via phosphorimagery.
with 60 uM DNA and 200uM NTPs." Dinucleotide product synthe-

sized for wild-type enzyme on each template was normalized®dl.  encounters a template base for which it lacks the comple-
product detected. mentary NTP strongly inhibits primer synthesis by the mutant
primases but has no effect on the wild-type enzyme.

To determine if reduced dinucleotide synthesis by the To provide further evidence that the reduced levels of
R306A and K314A proteins reflected the absence of a dinucleotide synthesis by the mutant enzymes resulted from
required NTP, we first examined the effects of varying the the lack of a required cognate NTP, we measured dinucle-
frequency with which primase will encounter a template base otide synthesis on three templates [d(TCTAJH(TTCC)s
for which it lacks the cognate NTP. As described above, on and d(TCA)q both in the presence of all required NTPs
those templates where enhanced dinucleotide synthesisaind in the absence of a required NTP. In assays containing
occurred [d(TCY and (dC)q], assays contained all of the d(TCTA)is and all required NTPs, the R306A and K314A
required NTPs, whereas on those templates where diminishedroteins synthesized 2.6- and 1.4-fold more dinucleotide than
dinucleotide synthesis occurred [d(TCT4Aand d(TTCC), the wild-type enzyme, respectively (Table 5). When the
assays lacked a required NTP. If decreased dinucleotideassays lacked UTP, however, they synthesized 80% and 70%
synthesis resulted from primase encountering a template baséess dinucleotide than the wild-type enzyme, respectively.
for which it lacks the cognate NTP, decreasing the frequency Similar results were observed on the templates d(T16C)
with which it encounters these bases should increase di-and d(TCA}o upon omission of a required NTP (Table 5).
nucleotide synthesis. Dinucleotide levels were measured onWhen assays containing the template d(TésAgcked GTP,

a series of templates containing varying lengths of TC repeatsneither wild-type nor mutant primase synthesized detectable
interrupted by either deoxyadenylate or deoxyguanylate with amounts of products. Under these conditions, initiation of
just ATP and GTP included in the reaction. These templates Primer synthesis would require that UTP serve as the 5
were designed to contain either 15 [d(TCTA)and terminal nucleotide. The lack of primer synthesis by the wild-
d(TCTG)s, 10 [d(TCTCTA), and d(TCTCTG)y, 5 type enzyme is consistent with previous studies showing that
[d((TC)sA)s and d((TCYG)s], or O [d(TC)s] purine residues primase exhibits a tremendous preference for using a purine
for which primase lacks the cognate NTP (Table 1). As NTP as the Sterminal nucleotideX, 27, 28). Importantly,
shown in Figure 5, the amount of dinucleotide synthesized the lack of dinucleotide synthesis by the mutant primases in
by all three mutants increased as the number of template-the absence of GTP indicates that mutating p58 does not
purines decreased when assays contained only ATP and GTPaffect this preference.

On a template containing only five purines, d((E&)s,

dinucleotide levels were increased by 14- and 8-fold for the DISCUSSION
R306A and K314A mutants, respectively, as compared to a The studies described here show that thefplike region
template containing 15 purines, d(TCTA) The R302A of the p58 subunit plays an important role in primer synthesis.
mutant showed a much smaller increase in dinucleotide Alignment of the 8 kDa domain of pg# with part of the
production (2.5-fold), analogous to the much smaller effect primase p58 subunit showed significant homology (Figure
of this mutation on dinucleotide elongation (Figure 4). Thus, 1). Mutagenesis of this region in p58 revealed that it is critical
increasing the frequency with which the mutant primase for both initiation and elongation reactions during primer
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Scheme 1: Mechanism of DNA Primdse primase, and primase remains bound to the template. Since
NTP NTP it is still in the activated state, primase will initiate synthesis
E + DNA = E«DNA B EoDNANTP === E.DNAsNTPNTP

of a new primer at a rate much faster than that of the original
initiation event. Mutating either R302, R306, or K314

Activation

Y resulted in enzymes that aborted primer synthesis much more

E*DNANTPoNTP frequently than the wild-type enzyme after dinucleotide
NTPs synthesis. These enzymes remain in the activated state after
/ dinucleotide synthesis and, therefore, generate many more

total products than the wild-type enzyme as measured by
total initiation events.
In addition to being important for initiation, this region
of p58 appears to be involved in primer elongation. Several
A experiments showed that mutating p58 substantially de-
creased the processivity of primase, especially with respect
to elongation of the pppNpN dinucleotide, indicating that
synthesis, although it does not appear to play a role in the rate of dinucleotide dissociation increased relative to the
phosphodiester bond formation. Three basic amino acids,rate of polymerization of the next correct NTP. Since
R302, R306, and K314, appear to be especially important.increasing the NTP concentration could not eliminate these
Two lines of evidence indicate that mutations in the pol effects, the increased dinucleotide dissociation was not a
B-like region of p58 destabilize the primaBiNA-NTP-NTP consequence of inefficient binding of the next correct NTP.
guaternary complex required for initiation, thereby inhibiting If decreased processivity had resulted from impaired binding
this process. On poly(dT), p49/DMp58, p49/R306Ap58, and of the next required NTP, then increasing the NTP concen-
p49/K314Ap58 all exhibited significantly reduced rates of tration should have restored the processivity of the mutant
initiation. In contrast, these three proteins initiated synthesis primases to that of the wild-type enzyme, but this was not
on (dC)y at rates either comparable to or faster than the wild- observed. Likewise, the mutations in p58 did not appear to
type enzyme under appropriate experimental conditions. Onaffect phosphodiester bond formation, as evidenced by the
poly(dT), the enzyme must stabilize twoRbase pairs in lack of effect of these mutations on the elongation of an
order to initiate primer synthesis, while on (dg}he enzyme  exogenously added RNA primer-template. Thus, these muta-
must stabilize two & base pairs. In light of the much tions in p58 must result in an increased rate of primer
greater stability of a @ base pair than an-A base pair, dissociation relative to NTP polymerization by altering a
mutations that destabilize the primaéd&lIA-NTP-NTP qua- process that does not involve either NTP binding or poly-
ternary complex would be expected to have a much more merization. Potential candidates for the altered process
severe effect on initiation with the template poly(dT). Indeed, include a decreased affinity for the newly generated RNA
the results from these studies are analogous to previous workprimer and decreased translocation along the DNA to the
showing that mutating R304 in the p49 subunit impacts next template base to be replicated after NTP polymerization.
synthesis on poly(dT) much more severely than synthesisAs described in greater detail below, we believe that mutating
on (dC) (21). This arginine interacts with thé-Fiphosphate this region inhibits translocation along the DNA.
of the NTP that will become the'Berminal nucleotide of While mutating p58 increased the amount of dinucleotide
the primer, and mutation of this residue specifically inhibits synthesized when assays contained NTPs required for
primer initiation. Second, we observed that adding small synthesizing all potential dinucleotides, omission of a
amounts of MnCl to assays was required for p49/DMp58 potentially required NTP dramatically reduced the rate of
to show activity and increased the rate of primer initiation dinucleotide synthesis. This occurred regardless of the
by the R306A and K314A proteins on a poly(dT) template. template base for which the enzyme lacked the cognate NTP,
Previously, we found both that Mh stimulates initiation indicating that the reduced levels of dinucleotide did not
and that the p58 subunit likely contains at least one™Mn  result from altered interactions with a specific base. Rather,
binding site 25). these data suggest that (i) after primase generates a dinucle-
Even though the mutations in p58 could inhibit primer otide and this dinucleotide dissociates into solution, the
initiation, the total number of initiations often increased in enzyme must translocate along the template by at least one
a template-dependent fashion [e.g., d(F)This increase nucleotide in order to initiate synthesis of another primer
results from an unusual aspect of the primase mechanismand (i) mutating either R302, R306, or K314 in the p58
As shown in Scheme 1, synthesis of the dinucleotide is very subunit interferes with translocation, with mutation of either
slow and is the rate-limiting step for primer synthedi§)( R306 or K314 having especially severe effects. With the
While the precise nature of the rate-limiting process has not wild-type enzyme, omitting a NTP required for dinucleotide
been delineated, it results in primase entering an “activated” synthesis is not problematic since the enzyme apparently can
state. If the activated primase now synthesizes a unit lengthrapidly translocate to another site on the template where it
(or longer) primer, primase becomes “deactivated” and must synthesizes a dinucleotide using the supplied NTPs. How-
go through this slow, rate-limiting step in order to synthesize ever, if mutating p58 interferes with translocation, omitting
another primer. However, the activated primase will also very a NTP required for synthesis of the next dinucleotide is
frequently generate a dinucleotide or trinucleotide and allow potentially problematic. Since under these conditions primase
this product to dissociate into solution. In contrast to what would have to translocate along the DNA to a site for which
occurs after synthesis of a unit length primer, synthesis of it had all required NTPs, the mutations should interfere with
these abortive products does not result in deactivation of reinitiation, the observed result. Furthermore, this model

E*«DNA—— E**DNAspppNpN

+ PPPNpN NTPs

aE* represents an activated form of primase.
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predicts that decreasing the frequency with which primase from the 8 kDa domain binding to the duplex DNA in front
requires a NTP that is not available should decrease theof the primer 24, 33). Indeed, deletion of the 8 kDa domain
effects on dinucleotide synthesis. The data in Figure 5 showresults in a form of pgb with low processivity on the gapped
that, indeed, reducing the frequency with which the mutant DNA (31). In the absence of the 8 kDa domain, the enzyme
primases encounter a template base for which they lack thedissociates from the template much more rapidly than it
cognate NTP decreases the effect of the p58 mutations ontranslocates to the next template base to be replicated and
the rate of primer initiation. Additionally and as noted earlier, polymerizes the cognate dNTP. Thus, both the 8 kDa domain
the effects of the p58 mutations on dinucleotide elongation of pol 5 and the homologous region of the p58 subunit

are also consistent with the mutations inhibiting translocation

regulate the processivity of their respective enzymes.

along the template. Together, these two sets of data indicate |ndeed, the most critical residues tested in the/pbike

that this region of p58 is important for translocation of
primase along the template as well as initiation of primer
synthesis.

Just as mutating individual amino acids in this region
significantly inhibited primer synthesis, deleting a large
portion of this region also greatly diminished primer
synthesis. Deleting M288 through L313 impaired primer

sequence of p58, R302A, R306A, and K314A, are located
in a region that corresponds to loop-@ helix C—loop 3 in
the 8 kDa domain of poB. This region of pols includes
the sequence LPGVG, a highly conserved motif involved in
non-sequence-specific DNA binding found in a wide variety
of proteins including polymerases24). Similarly, the
analogous region in p58, LKGIG, appears to be important

synthesis to the extent that no synthesis was observed offor poth initiation of primer synthesis and translocation, two

any template in assays containing only ¥gAlso, including
100u4M Mn2* in the assays resulted in relatively high levels
of primase assay on (dgg)and (dC}o but only very low or
undetectable activity on a variety of other templates. The
enhancement of activity by Mh along with much greater
activity on templates consisting of only deoxycytidylate is
consistent with this region playing an important role in
initiation of primer synthesis. Curiously, and in contrast to
the results obtained upon mutation of the individual residues
R302, R306, and K314, deleting this region did not result
in enhanced accumulation of dinucleotide (Figure 2). This
surprising result suggests that while this region of the p58
subunit is involved in translocation, it may not be essential
for translocation. The point mutations may result in structural
changes that actively interfere with translocation, while
deletion of this region does not interfere with translocation.
Alternatively, this region of p58 may contain both positive

events which involve interactions with single-stranded DNA.

Previous studies showed that the p58 subunit of the p49/
p58 complex interacts with the single-stranded DNA template
bound to the complex prior to primer synthesis as well as
the RNADNA duplex structure bound to the complex after
primer synthesis14). While the amino acids of p58 that
interact with the DNA were not mapped, residues in both
the N- and C-terminal halves of the protein interact with the
nucleic acid. The pop-like region of p58 is located near
the middle of p58 in the C-terminal half and may well
comprise one of the regions of p58 that interact with the
nucleic acid.

In addition to translocation along the template, primase
activity is associated with one additional translocation event,
the movement of the newly generated primer-template from
the primase active site into the palactive site. As noted

and negative regulators of processivity, and the amino acidse@lier, p58 is situated between the primase andimtive

that were individually mutated may all normally enhance
processivity.

The polfS-like region of p58 also appears to play a critical
role in the normal counting mechanism of primase. On those
templates where p49/DMp58 exhibited activity, the enzyme
synthesized and released into solution only dinucleotide and
very long products. In contrast, wild-type primase synthe-
sized and released significant amounts of unit length primers
7—10 nucleotides long. Thus, deleting part of p58 impairs
termination of further primer synthesis after generation of a
unit length primer.

The effects of mutating the pg@Hike region of p58, altered
translocation and processivity, indicate that this region of
p58 controls catalytic functions analogous to those regulated
by the homologous 8 kDa domain of pg@l This domain of
pol 3 consists of four helices packed in two antiparallel pairs
and is important for binding DNA during pgi-mediated
repair synthesis29, 30). Importantly, DNA binding by the
8 kDa domain regulates the processivity of goknd its
translocation along some DNA substrates. fPekhibits very
low processivity during elongation of a DNA that contains
only single-stranded template in front of theehd of the
primer. However, with a gapped DNA substrate containing
only a short single-stranded template region in front of the
primer followed by more duplex DNA, pg has very high
processivity 81, 32). This high processivity likely results

sites and interacts with the newly generated primer-template.
This raises the possibility that the péilike region of p58

will also mediate the movement of the primer-template from
the primase active site to the palactive site. Studies to
test this hypothesis are currently underway.
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