THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 20, pp. 16209-16219, May 11,2012
Published in the U.S.A.

Characterization of DNA Primase Complex Isolated from the
Archaeon, Thermococcus kodakaraensis™

Received for publication, December 27,2011, and in revised form, February 15,2012 Published, JBC Papers in Press, February 17,2012, DOI 10.1074/joc.M111.338145

Wiebke Chemnitz Galal*, Miao Pan®, Zvi Kelman®Y, and Jerard Hurwitz*'

From the *Program of Molecular Biology, Memorial Sloan-Kettering Cancer Center, New York, New York 10065, the Sinstitute for
Bioscience and Biotechnology Research, Rockville, Maryland 20850, and the "National Institute of Standards and Technology,

Rockville, Maryland 20850

polymerases.

\_

(Background: Eukaryotic primase initiates replication by forming oligoribonucleotides that are elongated by DNA

Results: Archaeal DNA primase initiates chains de novo with dNTPs, and when coupled with an archaeal polymerase and
helicase, supports leading and lagging strand synthesis in vitro.

Conclusion: Archaeal primases possess DNA polymerase activity.

Significance: Factors affecting the simultaneous synthesis of leading and lagging strand can be examined in vitro.
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In most organisms, DNA replication is initiated by DNA pri-
mases, which synthesize primers that are elongated by DNA
polymerases. In this study, we describe the isolation and bio-
chemical characterization of the DNA primase complex and its
subunits from the archaeon Thermococcus kodakaraensis. The
T. kodakaraensis DNA primase complex is a heterodimer con-
taining stoichiometric levels of the p41 and p46 subunits. The
catalytic activity of the complex resides within the p41 subunit.
We show that the complex supports both DNA and RNA syn-
thesis, whereas the p41 subunit alone marginally produces RNA
and synthesizes DNA chains that are longer than those formed
by the complex. We report that the T. kodakaraensis primase
complex preferentially interacts with ANTP rather than ribonu-
cleoside triphosphates and initiates RNA as well as DNA chains
de novo. The latter findings indicate that the archaeal primase
complex, in contrast to the eukaryote homolog, can initiate
DNA chain synthesis in the absence of ribonucleoside triphos-
phates. DNA primers formed by the archaeal complex can be
elongated extensively by the T. kodakaraensis DNA polymerase
(Pol) B, whereas DNA primers formed by the p41 catalytic sub-
unit alone were not. Supplementation of reactions containing
the p41 subunit with the p46 subunit leads to PolB-catalyzed
DNA synthesis. We also established a rolling circle reaction
using a primed 200-nucleotide circle as the substrate. In the
presence of the T. kodakaraensis minichromosome mainte-
nance (MCM) 3’ — 5’ DNA helicase, PolB, replication factor C,
and proliferating cell nuclear antigen, long leading strands (>10
kb) are produced. Supplementation of such reactions with the
DNA primase complex supported lagging strand formation as
well.
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DNA polymerases (Pols)? require a 3'-hydroxyl primed tem-
plate to elongate DNA chains, and these primers are synthe-
sized by DNA primases. In general, DNA primases initiate rep-
lication by synthesizing small RNA primers on both leading and
lagging strands that are used by replicative Pols for subsequent
elongation events. In Escherichia coli, DNA primase consists of
asingle subunit, the DnaG protein, that associates with both the
replicative helicase (DnaB) and the replicative Pol (Pol III). In
eukaryotes, DNA primase is a heterodimer containing a cata-
lytic p48 subunit that associates tightly with a noncatalytic reg-
ulatory subunit (p58), which stabilizes and modulates the activ-
ity of the p48 subunit (1). This heterodimer is found complexed
to the other proteins, the Pol « catalytic (180 kDa) and B (70
kDa) subunits, that collectively form the Pol a-primase com-
plex (2). Typically, in the presence of single-stranded DNA
templates, the primase complex synthesizes relatively short oli-
goribonucleotides 10-15 nucleotides (nt) in length that are
elongated by the Pol « complex, generating covalently linked
RNA-DNA oligonucleotide chains ~30-40 nt long (3). These
short chains are recognized by the clamp loader RFC, which
loads PCNA onto a primer-template junction that tethers the
replicative Pol 6 and Pol €, which catalyze the synthesis of lag-
ging and leading strands, respectively (4).

Archaea have been shown to contain both the DnaG and the
eukaryotic-type DNA primases. The DnaG-like primase was
reported to play a role in RNA degradation rather than DNA
replication (5, 6), and genetic studies suggest that the genes
encoding each of the eukaryotic-like primase subunits are
essential, whereas the dnaG gene is dispensable for cell growth
(7). The archaeal primase contains a two-subunit structure with
significant homology to the eukaryotic p58 and p48 subunits.
To date, homologues corresponding to the eukaryotic Pol «
(180 kDa) or B subunits have not been detected in archaeal
genomes (8). Similar to the eukaryotic primase heterodimer,
the archaeal p41 subunit contains DNA primase activity, and

2 The abbreviations used are: Pol, polymerase; RFC, replication factor C; PCNA,
proliferating cell nuclear antigen; nt, nucleotide; m, mutant; CIP, calf intes-
tinal phosphatase; MCM, minichromosome maintenance; RPA, replication
protein A; r, ribo; Ap, 2'(3')-adenosine monophosphate.
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the p46 subunit appears to alter its primase activity as well as
influence its properties (9). In some archaea, RNA primed
intermediates, similar to those observed in eukaryotic Okazaki
fragments, have been reported (10-12). However, the proper-
ties of DNA primase complexes isolated from different archaea
vary widely. Studies with the heterodimeric DNA primase com-
plex isolated from Pyrococcus furiosus revealed that the cata-
lytic p41l subunit alone preferentially utilized dNTPs and
formed DNA chains de novo that were extended up to several
kilobases (9, 13). However, the P. furiosus two-subunit p41-p46
complex synthesized shorter DNA chains than the catalytic
subunit alone and was also capable of synthesizing RNA chains.
Furthermore, in vitro replication of M13 DNA by the P. furiosus
complex was stimulated by ATP, and [y->*P]ATP was reported
to start DNA chains (9). In part, similar findings have been
reported for the primase complex isolated from Pyrococcus
abyssi (7). A variety of archaea primases have been shown to be
multifunctional enzymes, capable of supporting deoxynucle-
otide incorporation in a gap-filling reaction, strand displace-
ment synthesis, and terminal transferase activity (7, 14-16).

In this study, we describe the isolation and characterization
of the primase complex and its individual subunits from Ther-
mococcus kodakaraensis and show that it initiates oligonucleo-
tide chains de novo from either INTPs or ANTPs. We show that
oligonucleotide chains initiated by the two-subunit primase
complex on M13 DNA can be extended to full-length products
by T. kodakaraensis PolB. Using a small (200 nt) primed circu-
lar DNA, we have devised a rolling circle assay by coupling
T. kodakaraensis primase activity with the T. kodakaraensis
proteins, PolB, MCM helicase, RFC, and PCNA and demon-
strate that this system supports the synthesis of both leading
and lagging strands.

EXPERIMENTAL PROCEDURES

Expression Constructs—The genes encoding PolB (TK0001)
and the large subunit of primase (PriL, TK1790, p46), the large
and small subunits of RFC (RFC-L, TK2219, and RFC-S,
TK2218, respectively) were amplified using PCR from the
T. kodakaraensis genomic DNA and cloned into pET-21a
(Novagen). The gene encoding the small primase subunit (PriS,
TK1791, p41) was amplified using PCR from the T. kodak-
araensis genomic DNA and cloned into pET-28a (Novagen).
All constructs, except for RFC-S, encode proteins containing an
in-frame His, tag at the C terminus. The two inteins found in
the gene encoding PolB and the single intein found in the gene
encoding RFC-S were removed using the PCR-based approach
as described previously (17). A variant form of PriS in which the
conserved Asp-97 and Asp-99 were replaced by Ala (D97A/
D99A) was generated using QuikChange (Stratagene). This
variant is referred to as mutant (m) p41, and the T. kodakaraen-
sis primase complex (p41-p46) containing this variant is
referred to as the mutant complex (m p41-p46).

A vector that expressed both subunits of RFC, RFC-L and
RFC-S, was generated as follows. A pET-21a vector containing
the gene encoding RFC-S was digested with Bglll and BamHI,
resulting in a fragment that contained the entire coding region
and the upstream regulatory sequences (the T7 promoter and
the ribosome binding sites). The fragment was cloned into the
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BglII site on the pET21 construct containing the His-tagged
RFEC-L. The resulting construct expressed both subunits of
RFC, but only the large subunit contained a His, tag at the C
terminus. The cloning of the genes encoding 7. kodakaraensis
PCNA (TK0535) and MCM (TK1361) proteins was previously
described (18, 19).

Expression and Purification of Recombinant Proteins—For
protein expression, plasmids encoding the various proteins
were transformed into E. coli BL21 DE3 Rosetta cells (Invitro-
gen). Expression was induced by the addition of 0.5 mM isopro-
pyl-1-thio-B-p-galactopyranoside when the culture reach an
Agoo of ~0.6 followed by incubation for 16 h at 16 °C. Cells were
collected by centrifugation, resuspended in buffer containing
50 mm Tris-HCI (pH 8.0), 500 mm NaCl, 10 mm imidazole, and
10% glycerol, and incubated at 55 °C for 30 min, followed by
sonication. The lysate was clarified by centrifugation and
loaded onto a Ni** column (GE Healthcare). The column was
washed with buffer containing 50 mm Tris-HCI (pH 8.0), 500
mM NaCl, 50 mm imidazole, and 10% glycerol. The His,-tagged
proteins were eluted from the column with buffer containing 50
mwm Tris-HCI (pH 8.8), 500 mm NaCl, 10% glycerol, 250 mm
imidazole. Proteins were stored at —80 °C. The purification of
PCNA and MCM proteins was previously described (18, 19).

The PriS-Pril. (p41-p46) complex was made as follows.
Thirty mg of purified PriS (or PriS D97A/D99A) were incu-
bated with 36 mg of purified PriL (resulting in 1:1 molar ratio) at
25 °C for 1 h. Following incubation, the mixture was dialyzed
against buffer containing 50 mm Tris-HCI (pH 8.0), 500 mm
NaCl, 2 mm DTT, and 10% glycerol. An aliquot of the complex
(200 pg in 200 ul) was subjected to Superdex 200 gel filtration
analysis. More than 90% of the proteins were isolated as the
stoichiometric p41-p46 complex.

Construction of 200-nt Primed Circle—A circular 200-nt
ssDNA (containing only C, A, and G) was prepared as follows.
Two reactions (30 ul) each containing 1 nmol of the 100-nt
oligonucleotides A or B (sequences in supplemental Table 1)
were incubated with T4 polynucleotide kinase (40 units, New
England Biolabs) and [y-**P]ATP (1 mwm, 350 cpm/pmol) for 1 h
at 37 °C. The phosphorylated oligonucleotides A and B were
combined and mixed with 5 nmol of the oligonucleotide
bridges AB and BA in 20 mm HEPES (pH 7.5) and 150 mm NaCl
in a total volume of 100 ul, and the mixture was heated to
100 °C for 10 min and then cooled slowly to 22 °C. Ligation of
the oligonucleotides was carried out in reactions (525 ul) con-
taining T4 DNA ligase (8000 units), T4 DNA ligase buffer (New
England Biolabs), and 1 mM ATP at 16 °C for 14 h. The ligation
reaction was monitored with Exol and Exolll (New England
Biolabs). Following complete ligation, the products were sub-
jected to 8 M urea-10% PAGE separation in 1X Tris-borate-
EDTA at 15 watts for 75 min; the region of the gel containing
the circular 200-nt ssDNA was excised, and the DNA was
eluted with 0.5 M ammonium acetate, 10 mM magnesium ace-
tate, 1 mm EDTA. After ethanol precipitation, the circular
200-nt ssDNA was resuspended in 30 ul of 1X Tris-EDTA, pH
8.0, and the solution was passed through an S300 mini column
filter (GE Healthcare). The procedure yielded ~20% of the
input oligonucleotide as the circular 200-nt ssDNA.
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A linear 140-nt oligonucleotide (5’ T40-linked to an 100-mer
containing only G, T, and C), complementary to a portion of the
200-nt circle, was prepared as follows. A reaction (20 ul) con-
taining the linear oligonucleotide (140-nt) was phosphorylated
with T4 polynucleotide kinase and [y->*P]ATP, as described
above. The labeled oligonucleotide II (1 nmol) was annealed to
oligonucleotide I (0.9 nmol) and 5 nmol of the oligonucleotide
bridge I-II. The ligation reaction (300 wl) was carried out by
incubating T4 DNA ligase (6000 units) with 1 mm ATP in T4
DNA ligase buffer (New England Biolabs) at 16 °C for 14 h. The
ligation product was isolated as described above with a yield of
40%, based on the amount of oligonucleotide I added. The
primed rolling circle substrate was prepared by annealing the
200-nt circle and the linear 140-nt (as above) at a molar ratio of
1:1 followed by slow cooling to room temperature. The
sequences of the oligonucleotides used in the preparation of the
primed 200-mer circle are shown in supplemental Table 1.

DNA Primase Assay—Unless indicated, reaction mixtures
(20 wl) containing 40 mm Tris-HCl (pH 8.0), 2 mm DTT, 10 mm
magnesium acetate, 4 mm MnCl,, 100 pwg/ml BSA, dNTPs and
rNTPs (as indicated), single-stranded (ss) M13 DNA, and
T. kodakaraensis DNA primase fractions (diluted with a
solution containing 50% glycerol, 0.02 m Tris-HCI, pH 8.0, 1
mM DTT, 10 um EDTA, and 50 png/ml BSA) were incubated
at 60 °C for 20 min. Aliquots were treated with an equal
volume of a solution containing 95% formamide, 0.1X Tris-
borate-EDTA, 10 mm EDTA and heated at 95 °C for 5 min
and then subjected to electrophoretic separation through a
20% (w/v) polyacrylamide-8 M urea gel run in 1X Tris-borate-
EDTA for 2.5 h at 300 V. Gels were visualized by autoradiogra-
phy or phosphorimaging.

Replication Assays—Reaction conditions and enzymes used
were as described in the figure legends.

RESULTS

Coupling of T. kodakaraensis DNA Primase Activity with Kle-
now Polymerase—The purified T. kodakaraensis DNA primase
complex and the catalytic subunit were assayed at various tem-
peratures in reactions containing ssM13 DNA as the template.
Although isolated from a thermophile, the enzyme was sub-
stantially active at 37 °C (Fig. 1A). For this reason, the 7. koda-
karaensis primase activity was coupled with the Klenow Pol, an
assay initially used to measure DNA primase activity (20). In
this assay, which is carried out in the presence of poly(dT) as the
template, short oligonucleotides synthesized de novo by the pri-
mase are elongated by the Klenow Pol, which in the absence of
a primer is inactive. As shown in Table 1, the DNA primase
complex supported extensive dATP incorporation that was
increased by higher levels of the primase complex (Wild-type
complex (p41-p46) rows). In contrast, the primase complex
containing the m p41 catalytic subunit was devoid of activity
(Mutant complex (m p41-p46) rows), as was the p46 subunit
alone (p46 row). The p41 subunit alone was poorly active (WT
p41 rows), but this activity was increased by the addition of the
p46 subunit (WT p41 + p46 (50 fimol) rows). Reactions with m
p41 subunit alone (Mutant p41 row), as well as those supple-
mented with the p46 subunit (Mutant p41 + p46 (50 fmol)
row), were inactive. Thus, under the conditions used, primer
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FIGURE 1. A, influence of temperature on T. kodakaraensis primase-catalyzed
synthesis of oligonucleotide. Reactions, described under “Experimental Pro-
cedures,” included 100 um each of a->?P-labeled dATP (2200 cpm/pmol),
dGTP, dCTP, and dTTP or 100 um each of a->?P-labeled ATP (2500 cpm/pmol),
GTP, CTP, and UTP, 83.4 fmol of ssM13 DNA, and 5.6 pmol of the T. kodak-
araensis DNA primase complex (p41-p46) or 5.6 pmol of the T. kodakaraensis
p41 subunit, as indicated. After incubation for 20 min at the temperature
indicated, aliquots were used to measure the size of products by urea-PAGE
analysis. M, molecular mass markers. B, size of DNA products formed by the
T. kodakaraensis p41-p46 complex and T. kodakaraensis p41 subunit. Reac-
tions were as described for panel A. Mixtures lacking primase fractions (lane 1)
or ssM13 DNA (lanes 3 and 5) and those containing both M13 DNA and
T. kodakaraensis primase preparations (lanes 2 and 4) were analyzed by alka-
line-agarose gel electrophoresis. Approximately three times more radioactiv-
ity from reactions containing the p41 subunit than the p41-p46 complex was
applied to the gel.

TABLE 1

Coupling of T. kodakaraensis DNA Primase activity with Klenow Pol
Reaction mixtures (20 ml), containing 20 mm, Tris-HCI (pH 8.0), 2.5 mM DTT, 3 mm
magnesium acetate, 100 mg/ml BSA, 50 mm [a-**P]dATP (2070 cpm/pmol), 0.4
units of Klenow, 4.54 pmol of poly(dT),,,, and 50 mm NaCl were incubated for 30
min at 37 °C. Reactions with the human primase complex (p58 + p48 subunits) also
included 2.5 mm ATP, where indicated. Aliquots of each reaction were plated on
DEAE cellulose paper and washed three times with 0.5 M ammonium formate + 1
mM sodium pyrophosphate, dried and counted.

Additions Protein added dAMP incorporated
fmol pmol
Wild-type complex (p41-p46) 40 684
4 72.8
0.4 10.4
Mutant complex (m p41-p46) 40 <1
4 <1
WT pal 40 31
4 6.4
p46 50 <1
WT p4l + p46 (50 fmol) 40 692
4 74.8
0.4 7.6
Mutant p41 40 <1
Mutant p41 + p46 (50 fmol) 40 <1
Human primase complex +ATP 70 716
Human primase complex —ATP 70 <1

formation and its ability to support extensive poly(dA) synthe-
sis with the Klenow Pol required an active catalytic p41 subunit
as well as the p46 subunit. As these reactions were carried out in
the presence of [a->’P]dATP, the only added nucleotide, de
novo initiation of polynucleotide chains appeared to occur
solely with dATP. In contrast to the archaeal primase, the
eukaryotic DNA primase complex does not initiate DNA chains
with dNTPs (1). Hence, the synthesis of poly(dA) was not
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observed when the purified human DNA primase complex was
used in place of the T. kodakaraensis primase complex in reac-
tions containing only dATP. The addition of ATP to such reac-
tions, however, resulted in DNA replication (Human primase
complex + ATP/—ATP rows). Collectively, these findings indi-
cate that T. kodakaraensis primase complex initiates DNA
primer synthesis with dATP in the absence of ATP.

T. kodakaraensis Primase-catalyzed Incorporation of Ribo-
nucleotides and Deoxynucleotides—The T. kodakaraensis pri-
mase complex synthesized oligonucleotide chains with either
dNTPs or rNTPs only in the presence of ssM13 DNA (Fig. 14).
In the presence of M13 and dANTPs, DNA chains were produced
more extensively at 60 °C (lane 5) than 37 °C (lane 3) or 70 °C
(lane 7). Under the conditions used, labeled DNA chains
formed, measured by urea-PAGE analysis, varied from ~50 nt
to >90 nt in length. The amount of labeled RNA chains synthe-
sized in the presence of rNTPs at 70 °C was lower than that
formed at 37 or 60 °C, and their size varied from ~10to ~75 nt.
Oligonucleotide synthesis with rNTPs or ANTPs was substan-
tially higher with the primase complex than with the catalytic
subunit alone (compare lanes 8 and 9 with lanes 5 and 7; com-
pare lane 16 with lane 13). Two products, migrating in urea-
PAGE as ~16 and ~25 nt oligonucleotides, were observed with
dNTPs (lanes 2—9) but not with rNTPs. Their synthesis did not
require M13 DNA, and they were formed with both the cata-
lytic subunit alone and the primase complex. As discussed in
more detail in the accompanying article (21), these products
were identified as dAMP covalently linked to glycerol and to
Tris and are not oligonucleotides. The findings summarized in
Fig. 1A indicate that the T. kodakaraensis primase complex uti-
lizes AN'TPs as well as rINTPs to form polynucleotide chains.

The size distribution of the labeled DNA products formed in
M13 reactions was analyzed by alkaline agarose gel electropho-
resis (Fig. 1B). Products formed with the primase complex were
shorter in length than those produced with the T. kodakaraen-
sis p41 subunit alone (~0.5 and ~2 kb, respectively). Thus, the
data presented in Fig. 1 indicate that in the absence of the p46
subunit, the p41 subunit forms longer DNA products and little
RNA, whereas the complex forms shorter DNA products and
supports more extensive RNA synthesis. These findings were
not affected by variations in the level of added DNA. These are
similar to those reported previously for the P. furiosus (9) and
P. abyssi primase complexes (7). Studies with the P. abyssi com-
plex revealed that Mn>" increased the level of RNA synthesis
and decreased the length of RNA chains. RNA synthesis with
the T. kodakaraensis primase complex was stimulated about
2-fold by the presence of Mn>", whereas the size of RNA chains
was marginally affected. In contrast, DNA synthesis was slightly
inhibited by Mn>" (data not presented).

Analysis of DNA and RNA Products Formed by T. kodak-
araensis Primase Complex—The labeled products formed by
the primase complex in reactions containing M13 DNA and the
four dNTPs or the four INTPs were analyzed. Following incu-
bation, reaction mixtures were digested with proteinase K,
extracted with phenol and CHCIl;, and precipitated with iso-
propyl alcohol. Urea-PAGE analysis of the products before and
after isopropyl alcohol precipitation revealed that the promi-
nent ~16- and ~25-nt bands formed with dANTPs were not
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FIGURE 2. Analysis of DNA and RNA products formed by T. kodakaraensis
primase complex. Reactions (100 ul), as described in the legend for Fig. 1,
containing 100 um each of GTP, CTP, UTP, and [a->?P]ATP or 100 um each of
dGTP, dCTP, dTTP, and [a->P]dATP, 417 fmol of ssM13, and 56 pmol of
T. kodakaraensis primase complex were incubated for 20 min at 60 °C.
Approximately 700 pmol of [a-*?P]JdATP and 500 pmol of [a->2P]ATP were
incorporated. Mixtures were adjusted to 0.02 M EDTA, 1% SDS, and following
the addition of 10 g of proteinase K, they were incubated for 30 min at 37 °C
and then extracted consecutively with 100 ul of phenol-CHCl;-isoamyl alco-
hol mixture (25:24:1,v/v) and 100 ul of CHCl5-isoamyl alcohol (24:1 v/v). AQue-
ous phases were adjusted to 1 M ammonium acetate and treated with 2 vol-
umes of isopropyl alcohol. After 30 min on dry ice, the mixtures were
centrifuged for 30 min at 20,000 rpm in the Eppendorf centrifuge at 4 °C, and
pelleted material was washed with 50% isopropyl alcohol, dried in vacuo, and
suspended in 25 wl of Tris-EDTA buffer containing 50 mm NaCl. Reactions (10
wl) containing 2 ul of the RNA or DNA products, isolated as described above,
were incubated with pancreatic DNase (0.1 ng) or pancreatic RNase (1 ng) in
mixtures containing 40 mm Tris-HCl (pH 7.5) and 1 mm magnesium acetate;
reactions with nuclease P1 (0.3 unit) contained 40 mm sodium acetate buffer
(pH 5.2); reaction with CIP (1 unit) contained 40 mm Tris-HCl (pH 8.8) and 1 mm
magnesium acetate. All reactions were incubated for 30 min at 37 °C. Controls
included incubation of products at 37 °C for 30 min at the indicated pH in the
absence of enzymes. Aliquots of reactions were subjected to urea-PAGE sep-
aration and analysis as described in the legend for Fig. 1. A, digestion of DNA
product. M, molecular mass markers. B, digestion of RNA products. The iso-
lated RNA products were incubated on ice (lane 7) orat 37 °Ciin the absence of
enzymes (lane 2). Incubation with the indicated enzymes were carried out as
described above. Treatment of RNA products with CIP was omitted.

recovered following isopropyl alcohol precipitation (data not
presented). The isolated DNA products were subjected to
digestion with pancreatic DNase I, RNase A, nuclease P1, and
calfintestinal phosphatase (CIP) (Fig. 24). Urea-PAGE analysis
revealed that the DNA products were degraded by DNase I and
nuclease P1 but unaffected by RNase A and CIP treatment.
Digestion of the isolated RNA products revealed that they were
degraded by RNase A and nuclease P1 and resistant to DNase I
(Fig. 2B). These findings indicate that ANTPs and rNTPs sup-
ported the synthesis of DNA and RNA chains, respectively.
Template Specificity of T. kodakaraensis Primase Complex—
We examined the template activity of the four homo-oligode-
oxynucleotides, 30 nt in length, using the T. kodakaraensis pri-
mase complex. As shown in Fig. 3, oligo(dC),, was the most
effective template (compare panel A with panels B-D), sup-
porting extensive DNA synthesis with dGTP (lanes 5 and 7).
Under the conditions used, dGTP incorporation exceeded the
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FIGURE 3. A-D, template specificity of T. kodakaraensis primase com-
plex. Reaction mixtures were as described under “Experimental Procedures”
andincluded 100 um of indicated [a->2P]JANTP or [a->2PIrNTP, 10 or 30 pmol of
oligo(dC)s, (A); oligo(dT)s, (B); oligo(A);, (C); or oligo(dG);, (D), and 5.6 pmol
of the T. kodakaraensis primase complex. Following incubation for 20 min at
60 °C, aliquots were subjected to urea-PAGE separation. The specific activities
(com/pmol) of the a-**P-labeled nucleotides used were: dTTP, 2580; UTP,
2020; dGTP, 2280; GTP, 1640; dCTP, 2285; CTP, 1900; dATP, 1840; ATP, 1710.M,
molecular mass markers; inc., incorporation.

level of oligo(dC),, template added, and the lengths of DNA
chains, determined by urea-PAGE analyses, were >100 nt.
Extensive RNA synthesis of a more homogeneous size (~50 nt)
than DNA was observed (Fig. 34, lanes 6 and 8). (It should be
noted that the autoradiogram presented in Fig. 34 was exposed
for 25 min at —80 °C, whereas all other autoradiograms shown
in Fig. 3 were exposed for 1 h at —80°C.) Like oligo(dC);,,
oligo(dT),, supported extensive DNA and RNA synthesis (Fig.
3B). However, oligo(dT),, supported the synthesis of shorter
RNA chains than those formed in the presence of oligo(dC);,
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(Fig. 3B, lanes 7 and 8) as well as the production of higher levels
of RNA than DNA (Fig. 3B, compare lanes 7 and 8 with lanes 3
and 4). In the presence of oligo(dA),, (Fig. 3C) or oligo(dG);,
(Fig. 3D), DNA synthesis was detected with the former but
barely discernable with the latter, whereas RNA synthesis with
these purine oligonucleotide templates was not observed. Thus,
like eukaryotic DNA primases, the T. kodakaraensis primase
complex prefers pyrimidine templates (1). DNA products
formed in reactions containing oligo(dC),, or oligo(dT),, and
the p41 subunit in lieu of the complex were similar to those
shown in Fig. 3, A and B, respectively. The level of incorpora-
tion with the catalytic subunit alone was 20-30% lower than
that detected with the complex.

When M13 DNA was used in lieu of the short homopolymers
(in reactions containing all four NTPs or the four dNTPs), all
labeled rNTPs and dNTPs supported RNA and DNA synthesis,
respectively (data not presented). As shown in Fig. 3, DNA
products formed with some of the 30-nt oligonucleotide tem-
plates were longer in length than the template added. This dis-
crepancy could arise by mechanisms that minimally include
slippage, displacement synthesis, and primer-template rean-
nealing followed by chain extension or terminal addition of
nucleotides to template ends. The latter mechanism was exam-
ined with oligo(dA),,. Incubation of the primase complex with
[a-*?P]dideoxy TTP and oligo(dA)s, did not result in the pro-
duction of labeled DNA chains. Supplementation of reactions
with terminal deoxynucleotidal transferase led to the addition
of the labeled dideoxy TTP (data not presented). These findings
suggest that the T. kodakaraensis primase complex did not sup-
port terminal addition under the conditions used. All products
formed (with M13 or homopolymers) were hydrolyzed by
nuclease P1 (>90%), a single strand-specific nuclease (data not
presented), suggesting that extensive duplex DNA or duplex
DNA-RNA hybrid structures were not formed under the con-
ditions used. Because T. kodakaraensis primase reactions were
carried out at 60 °C, we speculate that melting and partial rean-
nealing reactions contributed to the synthesis of DNA chains
longer than the DNA template added.

Examination of 5" Ends of RNA and DNA Chains Formed by
T. kodakaraensis Primase Complex—RNA chains synthesized
by prokaryotic and eukaryotic primases are initiated with
rNTPs with retention of the B- and y-phosphate residues (1).
We examined whether the T. kodakaraensis primase did the
same. To simplify these studies, oligo(dT),, was used as the
template. Under the conditions used, the T. kodakaraensis pri-
mase complex and catalytic subunit supported extensive
poly(dA) synthesis, whereas only the complex supported exten-
sive poly(rA) synthesis (supplemental Table 2). For this reason,
products formed by the T. kodakaraensis p41 catalytic subunit
were not examined. As shown in Fig. 44, reactions contain-
ing the T. kodakaraensis primase complex, oligo(dT),, and
[a->*P]ATP yielded small poly(rA) chains that averaged
~15-20 nt in length. Based on the incorporated AMP and size
of the products (lanes 6 —8), we calculated that approximately
~100 pmol of oligo(rA) chains were produced. Direct measure-
ment of [y-**P]ATP incorporation revealed the incorporation
of ~10 pmol, representing ~10% of the 5’ termini calculated
based on the number of oligo(rA) chains formed. These exper-
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FIGURE 4. Status of 5’ termini of RNA and DNA products formed by
T. kodakaraensis DNA primase complex. A, 5’ terminus of oligo(rA) prod-
ucts. Reaction mixtures (20 ul) containing 40 mm glycine buffer (pH 8.8), 10
mM magnesium acetate, 4 mm MnCl,, 50 png/ml BSA, 2 mm DTT, 100 um
[y->2P]ATP (6150 cpm/pmol) or [a->?P]ATP (730 cpm/pmol), as indicated, 20
pmol of oligo(dT);,, and 0.56 um T. kodakaraensis primase complex were
incubated for 20 min at 60 °C. Aliquots (4 ul each) were used to measure
nucleotide incorporation (inc.) and subjected to urea-SDS-PAGE analysis (4 ul
for lanes 1-4 and 1 ul for lanes 5-8). Primase was omitted in lanes 1 and 5;
glycerol (0.4 m final) was added to lanes 3, 4, 7, and 8; and glycine buffer (pH
8.8) was replaced by Tris buffer (pH 8.0) in lanes 4 and 8. M, molecular mass
markers. B, 5" terminus of oligo(dA) products. Reaction mixtures (10 ul), as
described for panel A, contained 26 um [y-*>P]dATP (9280 cpm/pmol) or
[a->2P1dATP (5200 cpm/pmol), 10 pmol of oligo(dT), (lanes 3 and 6), and 0.56
uM T. kodakaraensis DNA primase complex as indicated. Lanes 2 and 4 con-
tained enzymes but no DNA template. Following 20 min at 60 °C, aliquots
were used to measure nucleotide incorporation and subjected to urea-PAGE
analysis. The gel was exposed for 2 and 17 h at —80 °C.

iments were carried out in reactions containing glycine buffer
(pH 8.8) and the T. kodakaraensis primase complex diluted in
Tris-EDTA (no glycerol) (Fig. 44, lanes 2 and 6), containing
glycine buffer (pH 8.8) and primase diluted in glycerol (lanes 3
and 7) or Tris buffer (pH 8.0) and primase diluted in glycerol
(lanes 4 and 8). These different conditions were used to deter-
mine whether the production of the glycerol and Tris-AMP
products (shown in the accompanying article (21)) affect
[y-3*P]ATP incorporation. As shown in Fig. 44, they did not
alter the reaction significantly. We verified that the incorpo-
rated [y-**P]ATP was terminally located because all of the **P
(lanes 2—4) was rendered acid-soluble following treatment with
CIP, whereas the 2P present in the oligo(rA) product formed
from [a-**P]ATP was unaffected by CIP treatment (supple-
mental Table 3). Efforts to increase the level of [y->?P]ATP
incorporation relative to the amount of [a->**P]ATP incorpo-
rated were unsuccessful (including variation in the time of
incubation, level of enzyme, template added, etc.). The incor-
poration of [y-**P]ATP in reactions containing Mg>* but lack-
ing Mn>" was reduced about 3-fold when compared with those
containing both metals. The amount and size of RNA chain
formed were also reduced (resulting in the formation of chains
containing ~12% of the calculated amount of [y-*P]JATP
expected to be incorporated, data not presented).

The low level of the [y-**P]ATP-terminated oligo(rA) chains
observed could be due to the presence of a nuclease or activities
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that hydrolyzed the triphosphate ends following their forma-
tion in the primase reaction. We examined these notions with
[y-**P]ATP-labeled RNA products formed by the E. coli RNA
polymerase (22). Incubation of these RNA preparations with
the T. kodakaraensis primase complex, however, did not
reduce the level of **P present in the RNA (data not presented).
We also showed that the oligo(rA) chains formed by the DNA
primase complex contained 5'-phosphate termini. Alkaline
hydrolysis of oligo(rA) chains formed with [a-**P]ATP in reac-
tions as described in Fig. 44 (lanes 6 - 8) yielded **P-labeled Ap
(2', 3" mixture) and (5', 2'(3")-adenosine diphosphate follow-
ing separation of the products by TLC on PEI plates (supple-
mental Table 4). Based on the level of Ap (2, 3" mixture) and
5', 2'(3")-adenosine diphosphate detected, we calculated
that ~50% of the oligo(rA) chains formed contained a
5'-phosphate terminus.

The status of the 5’ ends of oligo(dA) chains synthesized in
the primase reaction was also investigated (Fig. 4B). Reaction
mixtures containing 26 um [a-**P]dATP, oligo(dT),,, and the
T. kodakaraensis primase complex yielded oligo(dA) chains
~30-40 nt long (Fig. 4B, lane 3, short exposure). Based on the
level of >*P-dAMP incorporated and the size of the products, we
calculated that ~4.5—-6 pmol of oligo(dA) chains were pro-
duced under these conditions. Low levels of [y->*P]dATP were
incorporated into products weakly visible after the gel was
autoradiographed for 2 h (Fig. 4B, lane 6). The size of these
products was similar to that of the major oligo(dA) product
formed with [a-**P]dATP (compare lanes 3 and 6). The y->>P-
labeled product was more visible following longer exposure (17
h). Similar to observations made with oligo(rA), the **P present
in the [y-*’P]dATP-labeled oligo(dA) was hydrolyzed by CIP,
whereas the oligo(dA) with [a-**P]dATP was unaffected by this
treatment (data not presented).

The oligo(dA) products formed by the T. kodakaraensis pri-
mase complex also contained 5'-phosphate-terminated chains.
This was established following degradation of [a-**P]dATP-
labeled oligo(dA) chains with micrococcal nuclease and spleen
phosphodiesterase. Their combined action leads to the forma-
tion of 5, 3'-deoxyadenosine diphosphate (3’) (from the
5'-phosphate terminus) and Ap (3’) from the internucleotidic
region (23). These products were separated by TLC on PEI plate
and the distribution of the **P examined (supplemental Fig. 1).
Based on the level of 5', 3’-deoxyadenosine diphosphate (3')
and dAp (3") detected, ~50% of the oligo(dA) chains (30 —40 nt
in length) contained a 5’-phosphate terminus. Incubation of
the micrococcal nuclease/spleen phosphodiesterase digest with
CIP converted the 5’, 3'-deoxyadenosine diphosphate and
3'-deoxyadenosine phosphate products to P; (supplemental
Fig. 1). Thus, the 5’ termini of both oligo(rA) and oligo(dA)
chains formed by the T. kodakaraensis DNA primase complex
contained triphosphate (~10%) and 5'-phosphate (~50%) ter-
mini. At present, we have no explanation for the low level of
ends detected.

The P. furiosus primase complex was reported to synthesize
labeled polymers following its incubation with [y-**P]JATP and
unlabeled dNTPs, indicating that chains were initiated with
[y-**P]ATP and extended by unlabeled dNTPs (9). Similar
experiments with the 7. kodakaraensis primase complex, how-
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ever, did not lead to the incorporation of [y->*P]ATP into prod-
ucts or formation of labeled polynucleotide chains (data not
presented).

Collectively, these findings suggest that the de novo synthesis
of RNA (and DNA) by the T. kodakaraensis primase complex
occurs with retention of ~10% of the y-phosphate residues of
ATP and dATP. We cannot rule out the possibility that chains
initiated with triphosphate ends are hydrolyzed during their
subsequent elongation phase. As shown in the accompanying
article (21), [y-**P]dATP and [y-**P]rATP are hydrolyzed by
the p41-p46 complex (and p4l subunit alone), generating
dAMP and rAMP and a mixture of PP; and P;. This hydrolytic
activity required a catalytically active p41 subunit and was not
observed with the m p41 alone or the m p41-p46 complex. A
possible mechanism by which DNA and RNA chains contain-
ing 5'-phosphate termini are formed is presented in more detail
under “Discussion.”

Effects of AATP and ATP on RNA and DNA Synthesis—The
synthesis of RNA catalyzed by the 7. kodakaraensis primase
complex was inhibited by dNTPs, whereas formation of DNA
was hardly affected by rNTPs (Fig. 54). Oligodeoxynucleotide
synthesis was carried out in reactions containing ssM13 DNA
and varying levels of unlabeled ATP in the presence of a fixed
amount of a-*?P-labeled dATP, dCTP, dGTP, and dTTP. At
ATP:dATP molar ratios ranging from 10 to 0.1 (lanes 3-7),
DNA synthesis was stimulated by ATP up to an ATP:dATP
molar ratio of 3 (lane 4) and slightly inhibited at a higher molar
ratio (10:1, lane 3). In contrast, incorporation of [a-**P]ATP
into oligoribonucleotides was inhibited by dATP even at an
ATP:dATP molar ratio of 0.1 (lane 14). These findings indicate
that the T. kodakaraensis primase complex binds preferentially
to dNTPs.

We examined the relative binding affinity of the T. kodak-
araensis primase complex for ANTPs and rNTPs in the pres-
ence of different DNA templates. In the presence of oli-
go(dT),,, the K, values for dATP and rATP were 30 and 90 M,
respectively; K, values of 50 and 250 um for dGTP and rGTP,
respectively, were observed with oligo(dC),, as the template.
Similar studies with ssM13 DNA revealed K, values for dATP
and rATP of 40 and 80 um, respectively. In the latter case, we
noted that the K, values for the rNTPs and dNTPs varied
depending on the level of unlabeled rNTPs or dNTPs added to
reactions. The K, for dNTPs with the catalytic subunit was
similar to those observed for the T. kodakaraensis complex.

The inhibitory effects of ANTPs on RNA synthesis were also
investigated with oligo(dT);, as the template (Fig. 5B). In the
presence of high levels of ATP (ATP:dATP molar ratio of 10:1),
dAMP incorporation was stimulated (~3-fold), although the
size of dAMP-labeled products formed was reduced (lane 3)
when compared with that formed in the absence of ATP (lane
2). Alkaline hydrolysis, however, revealed that the products
formed (shown in lane 3) were hybrid polynucleotide chains in
which AMP and dAMP were covalently interspersed within the
same chain; products formed in the absence of rATP (lane 2)
were unaffected by alkali (data not presented). At lower ATP
levels (lanes 4 and 5, molar ratios of ATP:dATP of 1 and 0.1,
respectively), dAMP incorporation, the size of dAMP-labeled
chains formed, and the stimulation of dATP incorporation by
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FIGURE 5. A, effects of dATP and ATP on RNA and DNA synthesis. Mixtures (20
wl), as indicated under “Experimental Procedures,” contained 100 um of each
of the four dNTPs or rNTPs with [a->2P1dATP (1344 cpm/pmol) or [a->?P]ATP
(1357 cpm/pmol), 83.4 fmol of M13 DNA, 5.6 pmol of the T. kodakaraensis
primase complex, and varying levels of unlabeled dATP or ATP (1000, 300,
100, 30, and 10 um), where indicated. After 20 min at 60 °C, products were
subjected to urea-PAGE analysis, and the gels were exposed for 1 hat —70 °C.
M, molecular mass markers; inc.,incorporation. B, influence of ATP, dATP, GTP,
and dGTP on polynucleotide synthesis in reactions containing oligo(dT),, as
template. Reactions were as described in the legend for Fig. 3 with 10 pmol of
oligo(dT);,. Mixtures contained 100 um [a->2PIdATP (6815 cpm/pmol) or 100
uM [a->2P]ATP (6024 cpm/pmol) and varying levels of ATP (1000, 100, and 10
um), dATP (1000, 100, and 10 um), GTP (1000 um), or dGTP (1000 um) where
indicated. Following incubation, 5 ul of each reaction were subjected to urea-
PAGE analysis and autoradiography. Reaction mixtures in lanes 15 and 16
contained 100 um [a->?P]rGTP (10* cpm/pmol) or 100 um [*2P1dGTP (10* cpm/
pmol), respectively. comp., complex.
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FIGURE 6. Primase-dependent replication of M13 DNA. Reaction mixtures
(20 pl) containing 40 mm Tris-HCl (pH 8.0), 10 mM magnesium acetate, 1.5 mm
DTT, 50 wg/ml BSA, 20 um [a->2PIdATP (13,000 cpm/pmol), 100 um each of
dGTP, dCTP, and dTTP, 2 mm ATP, 0.75 nm M13 DNA, 0.25 m NaCl, 360 nm
T. kodakaraensis RPA, 50 nm T. kodakaraensis PCNA (TK0535), 50 nm T. kodak-
araensis RFC, 20 nm T. kodakaraensis PolB, 40, 20, or 10 nm T. kodakaraensis
primase complex (40 nm, lanes 2, 5,6,and 11;20 nm, lane 3; 10 nm, lane 4), 40 nm
T. kodakaraensis p46 subunit (lanes 10-14), 20 nm m 41 subunit (lanes 9 and
14), and 20 or 10 nm wild type p41 subunit (20 nm, lanes 7 and 12; 10 nm, lanes
8 and 13) were incubated for 20 min at 60 °C. Aliquots were used to measure
DNA synthesis and the size of DNA products following alkaline agarose gel
(1%) electrophoresis and autoradiography. M, molecular mass markers; inc.,
incorporation.
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ATP were less affected. In contrast, synthesis of the short RNA
chains was inhibited at all levels of dATP added, and the size of
oligo(rA) chains formed and the amount of [a-**P]ATP incor-
porated were reduced (lanes 10-12). We also investigated
whether the addition of dGTP and rGTP, nucleotides that are
noncomplementary and not incorporated into DNA and RNA
chains in the presence of oligo(dT);,, influenced dATP and
ATP incorporation. As shown, dGTP addition (molar ratio to
dATP or rATP of 10:1) inhibited both DNA and RNA synthesis
(Fig. 5B, lanes 6 and 13), whereas rGTP addition reduced dATP
incorporation by 43% and rATP incorporation by 92% (Fig. 5B,
lanes 7 and 14). Lower molar ratios of dGTP:rATP (0.1:1) inhib-
ited ATP incorporation by 91%, whereas dATP incorporation
was reduced by only 8% (data not presented). Collectively, these
findings indicate that the T. kodakaraensis primase complex
binds ANTPs more effectively than rNTPs.
Primase-dependent Replication of Primed MI13—The
T. kodakaraensis primase complex supported replication of
unprimed ssM13 DNA in the presence of the T. kodakaraensis
proteins PolB, REC, and PCNA, which were previously shown
to catalyze the replication of singly primed M13 DNA (18) (Fig.
6). Reactions carried out at 60 °C in the presence of 0.25 M NaCl
that lacked either the DNA primase complex, RFC, and/or
PCNA failed to support DNA synthesis (data not presented). As
shown in Fig. 6, lanes 2—4, the amount of DNA synthesized
depended on the level of the primase complex added, and both
primase subunits were required for replication. In the absence
of PolB, the primase complex did not support detectable nucle-
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otide incorporation (lane 5). DNA synthesis was not observed
in reactions containing the catalytic subunit (p41) alone (lanes
7 and 8) or the large subunit (p46) alone (lane 10). When the
p4l and p46 subunits were both added, replication was
observed (lanes 12 and 13). Reactions containing the m p41
catalytic subunit alone (lane 9), the m p41 subunit, plus the p46
subunit (lane 14) or the m p41-p46 complex were also inactive
(data not shown). Omission of the T. kodakaraensis RPA
resulted in a marked increase in DNA synthesis and formation
of DNA chains that varied in length from 0.5 to 7 kb (lane 5).
The level of DNA synthesized in the absence of T. kodakaraen-
sis RPA was significantly higher (250 pmol) than the amount of
DNA added (108 pmol), suggesting that in the absence of RPA,
PolB catalyzed DNA displacement synthesis. The data pre-
sented in Fig. 6 indicate that primers produced by the T. koda-
karaensis primase complex support DNA synthesis by PolB.
Coupling of MCM Helicase, Primase, and PolB and Rolling
Circle Synthesis of Leading and Lagging DNA Strands—
Unprimed M13 circular ssDNA was replicated in reactions
containing DNA primase, PolB, RFC, and PCNA (Fig. 6). We
next examined whether a rolling circle replication reaction
could be established. For this purpose, a small circular 200-nt
DNA was synthesized (described under “Experimental Proce-
dures”), which contained only three deoxynucleotides (dG, dC,
and dA). The circular DNA was hybridized to an oligonucleo-
tide containing a 5’-tail of dT40 covalently linked to a 100-nt
oligodeoxynucleotide complementary to a region in the 200-nt
circle to generate the primed circular structure shown in Fig.
7A. As schematically shown in Fig. 74, the nucleotide content
of the circle limits [a-**P]dTTP incorporation to leading strand
synthesis (Fig. 7B) and [a->*P]dATP incorporation to lagging
strand formation (Fig. 7C). DNA synthesis with the primed
template was observed in reactions containing the 7. kodak-
araensis MCM helicase (TK1361; polarity 3" — 5’), T. kodak-
araensis PolB and T. kodakaraensis RFC, and PCNA (TKO0535)
(Fig. 7B, lane 3). The elongation of primer ends by PolB (specif-
ically scored by [a-*>*P]dTTP incorporation) generated leading
single strand DNA products >10 kb long after incubation at
60 °C for 10 min. The length of the product formed represented
>50 rounds of DNA synthesis. In the absence of the MCM
helicase, limited DNA synthesis was observed (Fig. 7B, lane 2,
~1.5 kb in length), suggesting that T. kodakaraensis PolB alone
supported some displacement synthesis (~7.5 turns of the 200
nt circle). The presence of the DNA primase complex in these
reactions did not alter the low level of leading strand synthesis
detected in the absence of the MCM helicase (Fig. 7B, lane 6).
Lagging strand synthesis was examined by measuring
[@-**P]dATP incorporation (carried out in the presence of all
four dNTPs). As shown (Fig. 7C), lagging strand synthesis
required the proteins essential for leading strand formation as
well as the T. kodakaraensis primase complex (Fig. 7C, compare
lane 10 with lanes 11 and 12). The size of the lagging strands
formed was influenced by the level of T. kodakaraensis DNA
primase added (lanes 11 and 12). The addition of increasing
amounts of DNA primase yielded shorter lagging strand chains,
suggesting that increased synthesis of primers reduced the level
of chain extension. These findings indicated that the simulta-
neous synthesis of leading and lagging strands, involving a roll-
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FIGURE 7. Rolling circle synthesis of leading and lagging strand. A, model of the synthesis of leading and lagging strand synthesis. The annealing of an
oligonucleotide containing a 5" oligo(T),, tail and an 100-nt stretch (with T, G, and C) to the 200-nt circle (containing A, C, and G) yielded the DNA substrate
shown. The addition of T. kodakaraensis PolB, T. kodakaraensis MCM (TK1361), T. kodakaraensis RFC, T. kodakaraensis PCNA, and dNTPs and ATP resulted in the
elongation of the leading strand. Following the addition of the T. kodakaraensis DNA primase complex (p41-p46), the reaction was divided into two equal
portions. One-half was supplemented with [a->2P]dTTP, and the other was supplemented with [«->*P]dATP to monitor the synthesis of leading and lagging
strand synthesis as shown in panels Band C. B, leading strand synthesis. Reaction mixtures (20 wl) containing 20 mm Tris-HCl (pH 8.0), 10 mm magnesium acetate,
100 mm NaCl, T mm DTT, 100 wg/ml BSA, 5 nm 200-mer DNA circles hybridized to dT,,-100-mer, 20 nm T. kodakaraensis RFC, and 50 nm T. kodakaraensis PCNA
(TK0535) were prepared on ice. Reactions were supplemented with T. kodakaraensis PolB (44 nm), and the mixture was incubated for 5 min at 60 °C, after which
T. kodakaraensis MCM (TK1361) (44 nwm), T. kodakaraensis DNA primase complex (74 or 18.5 nm), ATP (2 mm), 150 um each of dGTP, dCTP, and dATP, and 40 um
[a-32P]dTTP (18,900 cpm/pmol) was added. The level of T. kodakaraensis DNA primase complex added in lanes 6 and 7 was 74 nm. Reactions were incubated for
10 min at60 °C, and aliquots were used to measure DNA synthesis and the size of products formed. Alkaline agarose gel (0.6%) electrophoresis was used for the
analysis of leading strand synthesis. M, molecular mass markers; inc., incorporation. C, lagging strand synthesis. Reactions were as described in panel A with the
exception that 150 um each of dGTP, dCTP, and dTTP, and 40 ul of [«->2P1dATP (13,300 cpm/pmol) were added. Alkaline agarose gel (1.1%) electrophoresis was

used to analyze the size of the DNA synthesized. The levels of T. kodakaraensis DNA primase added were as described in panel B.

ing circle, can be carried out with the T. kodakaraensis proteins.
The data shown in Fig. 7 represent, to the best of our knowl-
edge, the first rolling circle replication reaction catalyzed in
coordination with a 3" — 5’ DNA helicase.

DISCUSSION

In this study, we have described some properties of the DNA
primase complex isolated from the thermophilic archaeon,
T. kodakaraensis. We cloned, isolated, and characterized the
T. kodakaraensis p4l-p46 complex, a mutated catalytically
inactive p41 subunit-p46 complex, as well as the individual sub-
units. In reactions containing ssM13 DNA as the template, the
primase complex catalyzed the synthesis of DNA chains ~0.5
kb in length with ANTP (in the absence of added rNTPs) and
shorter RNA chains, 50-75 nt long, with rNTPs, whereas the
mutant complex was inactive. The p41 catalytic subunit alone
was considerably less active than the complex and supported
RNA synthesis with rNTPs poorly. However, the DNA prod-
ucts formed by the p41 subunit were substantially longer in
length (up to 6 kb) than those produced by the T. kodakaraensis
primase complex. Similar to findings reported for the heterodi-
meric primase complex isolated from P. furiosus, oligoribo-
nucleotide synthesis was markedly inhibited by dNTPs,
whereas DNA synthesis was affected marginally by the pres-
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ence of a large molar excess of rNTPs relative to the level of
dNTPs added (9). These findings indicate that the T. kodak-
araensis primase complex preferentially interacts with dNTPs
rather than rNTPs. In accord with this notion, K, measure-
ments indicated that the affinity of the primase for ANTPs was
2—4-fold greater than its affinity for INTPs. These observations
are in keeping with the properties of the DNA primase complex
isolated from P. abyssi (7) but differ from those reported for the
Sulfolobus solfataricus primase (14). In the latter case, it was
reported that the affinity of INTPs was >100-fold lower than its
affinity for ANTPs. Although the intracellular concentration of
nucleotides in archaea is presently unknown, the average levels
reported in mammalian (24) and yeast (25) cells varied from
~0.3 to 3 mm for rNTPs and from 10 to 50 um for ANTPs. The
much higher levels of rNTPs than dNTPs suggest that DNA
primases are likely to initiate polynucleotide chains de novo
with rNTPs, as reported for several archaeal species (10-12),
unless other factors contribute to the initiation events. It is
important to note that the eukaryotic primase complex,
although capable of extending chains with dNTPs, cannot ini-
tiate chains with ANTPs (Ref. 1 and results presented in Table
1). However, as shown here and by others (7, 9), a number of the
archaeal primase complexes can initiate chains with dNTPs. As
shown in Table 1, the T. kodakaraensis primase complex, when
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coupled with the Klenow Pol, supported extensive dATP incor-
poration in reactions primed with poly(dT) in the absence of
rATP. Although the physiological significance of extensive syn-
thesis of DNA by DNA primase is presently unknown, the lack
of a Pol o homolog in archaea suggests that a multifunctional
DNA primase that initiates and extends DNA chains with
dNTPs may fulfill the role played by the eukaryotic Pol a-pri-
mase complex.

The large subunit of both the archaeal and the eukaryotic
primase complexes plays an important role in the formation of
RNA primers (1,7, 9). The synthesis of long DNA chains by the
p41 subunit alone appears to be unique to the archaeal catalytic
subunit. Although it generates DNA, albeit to a lower extent
than the T. kodakaraensis p4l-p46 complex, the T. kodak-
araensis p41 subunit alone failed to support coupled DNA syn-
thesis with the Klenow Pol (Table 1) or the T. kodakaraensis
PolB (Fig. 6), in contrast to the T. kodakaraensis primase com-
plex. These findings suggest that the p46 subunit contributes to
this coupling event. Previous studies have shown that the initi-
ation, translocation, and processivity of the eukaryotic primase
complex are markedly affected by the large subunit (1). In keep-
ing with these observations, disruption of the p58 subunit in
yeast is lethal (26). Recent studies with the C-terminal domain
of the large subunit isolated from the S. solfataricus and
eukaryotes revealed the presence of an iron-sulfur cluster
(Fe-S) (26, 27). A truncated version of the yeast primase com-
plex lacking this C-terminal domain of the large subunit was
incapable of RNA primer synthesis (27). We noted that the
T. kodakaraensis p46 subunit, like the S. solfataricus p46 sub-
unit, displayed a yellow-brown color and showed a broad
absorption spectrum around 400 nm, in addition to the
expected protein peak at 280 nm. These properties suggest that
the T. kodakaraensis p46 subunit may also be a Fe-S-containing
protein. It was shown that the Fe-S cluster region isolated from
the eukaryotic p58 subunit selectively binds to single-stranded/
double-stranded DNA junctions (27). Possibly, this interaction
plays a role in a hand-off mechanism by which a Pol-DNA pri-
mase-primed DNA complex supports chain extension.

Detailed studies on the 5’-end products formed in the pri-
mase reaction were carried out with oligo(dT);, as the template
to limit the complexity of the DNA and RNA chains formed.
Our analyses indicated that the oligo(rA) and oligo(dA) chains
formed contained low levels of triphosphate ends (~10%) and
more substantial levels of 5’ -phosphate ends (~50%). Frick and
Richardson (28) have proposed that the DNA primase initiates
primer synthesis after formation of a quaternary complex with
the template DNA and two nucleoside triphosphates. In this
model, the NTP binding, destined to lead to the 5'-end of the
oligonucleotide, is defined as the initiation site, whereas the
NTP that binds to the second site is added to the 3'-end of
the initiating nucleotide and is referred to as the elongation site.
Subsequent steps leading to oligonucleotide synthesis (n + 1)
involve the transfer of the nucleotide to the initiation site and
the binding of another NTP at the elongation site. In the case of
the T. kodakaraensis primase, we speculate that a substantial
amount of NTPs (ANTPs) that bind to the elongation site is
transferred to H,O (or Tris or glycerol) located at the initiation
site. As described in the accompanying article (21), the p41-p46
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complex (as well as the p4l catalytic subunit) hydrolyzes
dNTPs (and NTPs) to PP, P, and the corresponding nucleoside
monophosphate. We suggest that the archaeal enzyme sup-
ports the stable association of the nucleoside monophosphate
in the initiation site. Subsequent NTP (or dN'TP) binding at the
elongation site followed by the transfer reaction results in the
production of an oligonucleotide chain containing a 5-phos-
phate terminus. Possibly, a nucleoside triphosphate located at
the initiation site is used as an acceptor at a low rate, resulting in
the production of an oligonucleotide containing a triphosphate
end. As noted in the accompanying article (21), reactions lead-
ing to the production of the dAMP-glycerol and dAMP-Tris
derivatives were only detected with dATP and not dAMP.
Thus, in our proposed scheme, the transfer of the nucleoside
monophosphate in the initiation site can only occur with a
nucleoside triphosphate.

We examined the influence of the T. kodakaraensis DNA
primase on the replication of unprimed M13 DNA in reactions
containing T. kodakaraensis DNA PolB. In the presence of high
salt, this highly active Pol catalyzed the elongation of primed
DNA templates in the presence of RFC and PCNA (18). The
generation of primers by the primase complex supported syn-
thesis of full-length duplex M13 DNA products in reactions
containing RFC, PCNA, and PolB. Both the p41 subunit and the
p46 subunit were required for this activity. Surprisingly, the
reaction did not require 7. kodakaraensis RPA, which markedly
inhibited the replication reaction at high levels. In eukaryotes,
the replication of primed templates by the Pol 6 or Pol € is
completely dependent on RPA (or a suitable DNA-binding pro-
tein). The reasons for this discrepancy remain to be further
explored.

We have also devised a rolling circle assay using 7. kodak-
araensis proteins that leads to the synthesis of both leading and
lagging strands. Leading strand synthesis required the action of
T. kodakaraensis MCM 3" — 5" DNA helicase, PolB, and RFC
and PCNA. Importantly, the long leading strands produced in
this reaction supported the primase-catalyzed lagging strand
synthesis. The availability of an in vitro rolling circle replication
system may help to define other T. kodakaraensis proteins that
contribute to the synthesis of both lagging and leading strands.
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