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DNA replication in almost all organisms depends on the activ-
ity of DNA primase, a DNA-dependent RNA polymerase that
synthesizes short RNA primers of defined size for DNA polymer-
ases. Eukaryotic and archaeal primases are heterodimers con-
sisting of small catalytic and large accessory subunits, both of
which are necessary for the activity. The mode of interaction
of primase subunits with substrates during the various steps of
primer synthesis that results in the counting of primer length is
not clear. Here we show that the C-terminal domain of the large
subunit (p58C) plays a major role in template-primer binding
and also defines the elements of the DNA template and the RNA
primer that interact with p58C. The specific mode of interaction
with a template-primer involving the terminal 5�-triphosphate
of RNA and the 3�-overhang of DNA results in a stable complex
between p58C and the DNA/RNA duplex. Our results explain
how p58C participates in RNA synthesis and primer length
counting and also indicate that the binding site for initiating
NTP is located on p58C. These findings provide notable insight
into the mechanism of primase function and are applicable for
DNA primases from other species.

The four-subunit primase-polymerase � (Prim-Pol�)3 com-
plex possessing DNA primase and DNA polymerase active sites
is important for genome replication in eukaryotes (1, 2). Prim-
Pol� synthesizes the chimeric RNA-DNA primers for replica-
tive DNA polymerases � and � (3, 4). In humans, the primase
heterodimer contains a small catalytic subunit (p49; also known
as p48, PRIM1, Pri1, and PriS) and a large regulatory subunit
(p58; also known as PRIM2, Pri2, and PriL). Pol� is composed of
a large catalytic subunit (p180) and a small accessory subunit
(p70). p58 and p70 are connected with p180 through the inter-

action with a small C-terminal domain (p180C) that defines the
tight coordination of the RNA- and DNA-polymerizing activi-
ties (5–7).

Eukaryotic primases have a minimal specific recognition site
on DNA and only require a pyrimidine to template the 5�-ter-
minal nucleotide of the primer (8, 9). RNA primer synthesis
begins with a rate-limiting initiation step that includes binding
of the DNA template and two NTPs followed by dinucleotide
synthesis (10). Subsequently, primase elongates the generated
dinucleotide to the unit-length primer (8 –10-mer) and termi-
nates synthesis. This unique counting ability of DNA primases,
which results in RNA primers that are optimal for extension by
Pol�, has a complex mechanism that is currently unclear.
Recent structural data revealed that the primase active site
located on p49 uses the common mechanism of nucleic acids
synthesis, where the catalytic aspartates coordinate two diva-
lent ions and the triphosphate moiety of the incoming NTP
(11, 12).

The large subunit of human primase is composed of two
separate domains connected with a long linker, which indicates
a significant conformational flexibility of this subunit (13). The
N-terminal domain (p58N) provides a platform for interactions
with p49 and Pol� (6, 12) and also plays some role in the orien-
tation of p58C relative to p49. p58C is an all-helical domain with
a buried iron-sulfur cluster coordinated by four conservative
cysteines, which plays an important structural role (14, 15).
Biochemical data indicate that p58C contributes to primase
activity and participates in substrate binding by an unknown
mechanism (16 –19). Our recent report provided several pieces
of evidence that p58C and p49 cooperate in a cis orientation
during primer synthesis, meaning that the template-primer is
handled by two functional domains located on the same two-
subunit molecule (13).

In this report we defined two structural elements of the tem-
plate-primer that play a critical role in primase-substrate inter-
action. We determined that the binding sites for the 5�-triphos-
phate of an RNA primer and the 3�-overhang of a DNA
template are located on p58C. This finding suggests a new
mechanism for participation of p58C in primase activity by tak-
ing responsibility for substrate binding and primer length
counting.

Experimental Procedures

Cloning, Expression, and Purification—Cloning, expression,
and purification to homogeneity of the human primase het-
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erodimer (p49-p58; p49 contains 420 amino acids, p58 contains
509), the C-terminal domain of p58 (p58C; amino acids 266 –
456), primase without p58C (p49-p58N; p58N contains amino
acids 1–265), and the human Pol� without the catalytic core
(p70-p180C; p180C contains amino acids 1265–1462) have been
described elsewhere (13, 20, 21). The complexes p49-p58-p70-
p180C (Prim-Pol��cat) and p49-p58N-p70-p180C (Prim�FeS-
Pol��cat) have been obtained in the same way as Prim-Pol� (6);
the pure primase and Pol� samples were mixed at an equimolar
ratio and incubated on ice for 30 min, and the reconstituted
complexes were purified by gel-filtration on a Superose 12 col-
umn (GE Healthcare). The expression vector for T7 RNA poly-
merase (BH161A) was kindly provided by Dr. Dmitry Temiakov
(Rowan University). T7 RNA polymerase was expressed in
Escherichia coli strain Rosetta 2(DE3) at 30 °C for 4 h after
induction with 0.5 mM isopropyl 1-thio-�-D-galactopyranoside
at an A600 of 1, then purified to homogeneity by 3 consecutive
columns: Ni-IDA (Bio-Rad), Heparin HP HiTrap (GE Health-
care), and Superose 12 (GE Healthcare).

DNA and RNA Constructs—All oligonucleotides without
5�-triphosphate were obtained from IDT Inc. (Table 1). RNA
primers containing 5�-triphosphate (P1 and P3) were synthe-
sized by T7 RNA polymerase according to Milligan et al. (22)
and purified by a Mono Q column (GE Healthcare). DNA
duplex T9-P5 was used for synthesis of P1, and the duplex
T10-P5 was used for synthesis of P3. The duplexes were
obtained at 0.1 mM concentration by 1-min heating to 80 °C and
passive chilling to room temperature for 15 min in the buffer
containing 20 mM Tris-HCl (pH 7.9) and 0.1 M NaCl. Annealing
temperatures for DNA/DNA and DNA/RNA duplexes were
calculated using the web-based software OligoAnalyzer 3.1
(IDT Inc.).

Electrophoretic Mobility Gel Shift Assay (EMSA)—Reactions
containing 6 �M Prim-Pol��cat or 10 �M p58C and 10% molar
excess of a template-primer were incubated in 10 �l for 10 min
at room temperature in the buffer containing 10 mM Tris-HCl
(pH 7.7), 50 mM KCl, 1% glycerol, and 1 mM DTT; 5 �l was then
loaded on 5% native PAGE. Gel was stained for 10 min in run-
ning buffer containing 0.5 �g/ml ethidium bromide and 2 mM

MgCl2. After recording the image of DNA staining, the gel was
stained by 1% Coomassie R-250. In experiments to measure the
apparent Kd, the reaction buffer was supplemented with 0.1
mg/ml BSA and 2 �M T11 to stabilize samples at a low concen-
tration and to prevent nonspecific interactions. Samples
labeled with Cy3 dye were visualized using the Typhoon 9410
imager (emission of fluorescence at 580 nm). Bands were quan-
tified using ImageJ software (version 1.45s, National Institutes
of Health). The apparent Kd values were calculated from three
independent experiments by non-linear regression using the
Hill equation (one-site specific binding mode) with the Prism 6
(GraphPad Software, Inc.).

Primase Assay—Activity of primase in extension of GGC-
GGC ribo-primers (with or without terminal 5�-triphosphate)
annealed to different DNA templates was tested in a 20-�l reac-
tion containing 30 mM Hepes-KOH (pH 7.9), 50 mM KCl, 1 mM

DTT, 2 mM MgCl2, 100 �M UTP, 100 �M CTP, 0.25 �M

[�-33P]GTP (3000 Ci/mmol; PerkinElmer Life Sciences), 1 �M

template-primer, and 50 nM Prim-Pol��cat. Reactions were

incubated at 35 °C in a thermal cycler (Thermolyne Amplitron
I) and stopped by mixing with an equal volume of formamide
loading buffer (95% v/v formamide, 5 mM EDTA 0.02% bro-
mphenol blue, 0.02% xylene cyanol, and 0.025% SDS), heated at
65 °C for 10 min, and resolved by 20% urea-PAGE (UreaGel
System (19:1 acrylamide/bisacrylamide); National Diagnostics)
for 5 h at 2000 V. The gel was dried at 65 °C for 45 min using a
Bio-Rad 583 gel dryer. The reaction products were visualized by
phosphorimaging (Typhoon 9410, GE Healthcare). All activity
gels were repeated at least two times. The intensities of bands
were quantified using ImageQuant software (version 5.2, GE
Healthcare).

Primase activity in extension of the rA15 primer was tested in
a 20-�l reaction containing 30 mM Hepes-KOH (pH 7.9), 50 mM

KCl, 1 mM DTT, 4 mM MgCl2, 100 �M ATP, 0.2 �M 5�-TYE665
fluorophore-labeled rA15 primer (obtained from IDT, Inc.)
annealed to dT70 template, and 40 nM Prim-Pol��cat. Reac-
tions were incubated for 10 min at 30 °C and stopped by mixing
with an equal volume of formamide loading buffer (95% form-
amide, 0.025% Orange G, 5 mM EDTA, and 0.025% SDS), heated
at 65 °C for 10 min, and resolved by 16% urea-PAGE (UreaGel
System (19:1 acrylamide/bisacrylamide); National Diagnostics)
for 5 h at 2000 V. The products were visualized using the
Typhoon 9410 imager (emission of fluorescence at 670 nm) and
quantified as described previously. The IC50 values were calcu-
lated from two to three independent experiments by non-linear
regression using Prism 6 (GraphPad Software, Inc.).

Results

Triphosphate and the 3�-Overhang of DNA/RNA Duplex Are
Important for Interaction with Primase—RNA primers synthe-
sized by primases or RNA polymerases contain the triphos-
phate moiety at the 5�-terminus (TriP) (23, 24). To examine the
role of the TriP in the interaction of the human primase with
the substrate, we used the DNA template T1 (oligonucleotides
and their sequences are listed in Table 1), which could be
annealed with a 7-mer RNA primer with or without TriP (P1
and P2, correspondingly) and has the 5�- and 3�-overhangs to
mimic the natural primase substrate. In addition, we studied
the role of the overhangs on the stability of the Prim-DNA/
RNA complex using a series of additional templates (T2-T4,
Table 1). To monitor the Prim-DNA/RNA interactions that are
specific for the primase, we used the Prim-Pol� complex with
the Pol� catalytic domain deleted (Prim-Pol��cat) and applied
EMSA, which allows visualization of protein-DNA interactions
by a shift in the mobility of the protein and DNA molecules
when they make a complex (25).

The addition of T1-P1 (contains a 7-bp duplex, both over-
hangs, and TriP; Fig. 1A) to Prim-Pol��cat results in the for-
mation of a stable DNA-protein complex with higher electro-
phoretic mobility than Prim-Pol��cat (Fig. 1B, comparison of
lanes 1 and 2). The absence of the 5�-overhang does not affect
the complex of Prim-Pol��cat with DNA/RNA (lane 4),
whereas the absence of the 3�-overhang or TriP results in com-
plete disruption of the complex (lanes 3 and 6). The weak inter-
action between Prim-Pol��cat and the substrate was detected
when the length of the 3�-overhang was reduced from six to one
nucleotide (lane 5; only a small portion of protein was shifted
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on the right panel in comparison to lane 1). Altogether, these
data indicate that Prim-Pol��cat specifically binds the DNA/
RNA junction at the primer 5�-terminus containing TriP.

TriP and the 3�-Overhang Binding Sites Are Located on
p58C—Several pieces of evidence obtained earlier indicate that
p58C somehow participates in the interaction with substrates
because it plays an important role in primase function, espe-
cially during dinucleotide synthesis (8, 16, 17, 26 –28). We
decided to analyze the interaction of p58C alone with the same
set of substrates as was used for Prim-Pol��cat. p58C is a basic

protein (calculated pI is 9.1) that migrates during electropho-
resis in reverse direction, which precludes its visualization in
the absence of complex with the negatively charged substrate
(Fig. 2, lane 1 on the right panel). When p58C makes a stable
complex with DNA/RNA, it migrates in the normal direction.
Amazingly, the p58C-DNA/RNA complex demonstrated the
same dependence on TriP and the 3�-overhang (Fig. 2, lanes 2–6)
as the entire Prim-Pol��cat. This result supports the idea that
binding sites for both of these elements of the RNA-primed DNA
template are located on p58C. Thus, p58C, TriP, and the
3�-overhang play key roles in the interaction of Prim-Pol��cat
and, consequently, primase with a substrate during RNA
primer synthesis.

Structural Elements of Substrates Defining Primase Affinity—
To estimate the contribution of TriP and the 3�-overhang in
primase affinity for DNA/RNA, we determined the apparent Kd

values for different substrates. EMSA is not suitable for mea-
suring the dissociation constant of low affinity complexes
(when Kd is �3 �M), so the competitive inhibition assay has
been employed. The dependence of the primase ability to
extend the rA15 primer annealed to the dT70 template on the
concentration of substrates T1-P1, T1-P2, T4-P1, and T4-P2
was analyzed using urea-PAGE (Fig. 3). We considered dT70-
rA15 as an analog of T1-P2 because it is missing TriP. Assuming
that primase has a similar affinity for these substrates, it was
considered that the level of the Prim-dT70/rA15 complex is neg-
ligibly low at the given reaction conditions, and the obtained
IC50 values were directly converted to the apparent Kd values
(Table 2, columns 3–7). The optimal T1-P1 substrate showed a
fairly high affinity for primase (apparent Kd is 36.0 nM), whereas
the absence of the 3�-overhang or TriP or both reduced the
Prim-DNA/RNA complex strength �90-, 360-, and 4,000-fold,
respectively. Moreover, primase exhibited similar affinities for
ssDNA (T1) and the DNA/RNA duplex without TriP and the
3�-overhang (T4-P2). These data revealed the key role of TriP
and the 3�-overhang for template-primer binding. The impor-
tance of TriP for interaction with a DNA/RNA duplex has also
been shown previously for the primase of bacteriophage T7
(29).

By measuring the fluorescence anisotropy of fluorescein-la-
beled oligonucleotides, it was shown that yeast primase binds
dT40 with the apparent Kd of 1.7 �M (27). Approximately 100-

TABLE 1
Oligonucleotides used in the current study

Name Length DNA/RNA Sequence (template region involved in duplex formation is underlined)

T1 18 DNA 5�-AAACACCGAGCCAACATA
T2 13 DNA 5�-CCGAGCCAACATA
T3 13 DNA 5�-AAACACCGAGCCA
T4 12 DNA 5�-AAACACCGAGCC
T5 20 DNA 5�-Cy3-AACTAACCCGAGCCAATACA
P1 7 RNA 5�-pppGGCUCGG
P2 7 RNA 5�-GGCUCGG
T6 60 DNA 5�-gtgagagaaggagaaggagaggaagagaaggagaagaggagagaaacgccgccaaaaaaa
T7 53 DNA 5�-gtgagagaaggagaaggagaggaagagaaggagaagaggagagaaacgccgcc
T8 33 DNA 5�-GGAGTACGAATCAGTTAGACGCCGCCAAGAATA
P3 6 RNA 5�-pppGGCGGC
P4 6 RNA 5�-GGCGGC
T9 24 DNA 5�-CCGAGCCTATAGTGAGTCGTATTA
T10 23 DNA 5�-GCCGCCTATAGTGAGTCGTATTA
P5 18 DNA 5�-AATACGACTCACTATAGG
T11 33 DNA 5�-AAAAAAAAAAAAAAAAAAAAAAAGATAAAAAAA

FIGURE 1. Analysis of Prim-Pol��cat interaction with DNA/RNA duplexes
by EMSA. A, structure of the T1-P1 substrate. B, 5�-triphosphate and the
3�-overhang are critical for interaction of DNA/RNA substrate with the human
primase. The total amount of Prim-Pol��cat loaded on each of all lanes was 6
�g (30 pmol); the amount of DNA/RNA substrate in each of lanes 2– 6 was 35
pmol. Lane 1, no substrate; lane 2, T1-P1; lane 3, T1-P2; lane 4, T2-P1; lane 5,
T3-P1 (1-nucleotide-long 3�-overhang); lane 6, T4-P1. Samples were analyzed
by electrophoresis in 5% native PAGE and stained first with ethidium bromide
(left panel) and then with Coomassie R-250 (right panel). The observed differ-
ence in efficiency of DNA/RNA staining is most likely caused by effect of the
template overhangs on the ethidium bromide-DNA/RNA complex in the case
of short duplexes. The duplexes used in lanes 4 – 6 are missing the 5�- or
3�-overhang, or the overhang is shortened to one nucleotide. Reduced DNA
staining in lanes 5 and 6 is also due to the smearing effect because of the
protein-DNA/RNA complex dissociation during electrophoresis.
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fold higher ssDNA binding affinity of the yeast versus human
primase is difficult to explain by the differences in ssDNA
sequence and length. Moreover, similar structural organization
of eukaryotic primases suggests the common mode of template
binding. Potentially, ssDNA can interact with primase non-spe-
cifically as well. Our Kd determination method detects only
specific interactions between primase and ssDNA, whereas the
anisotropy method would detect both types of interactions. We

compared the interactions of Prim and Prim-Pol��cat with T1
and T1-P1 (Fig. 4). Both proteins efficiently bind T1-P1 (lanes 2
and 6), but their ssDNA binding properties differ: Prim-
Pol��cat does not interact with T1 at the 5 �M concentration
(lane 5), whereas approximately half of T1 makes a complex
with Prim (lane 1). This result means that the apparent Kd for
Prim-T1 nonspecific complex is around 5 �M, which is close to
the value obtained for the complex of yeast primase and dT40
(27). These data indicate that human primase has a nonspecific
DNA binding site at the Prim-Pol� interaction interface.
Therefore, due to a very low Prim affinity for ssDNA or DNA/
RNA duplexes without TriP and 3�-overhang, nonspecific
interactions with these substrates can significantly affect the
measurement of specific binding. Despite weak binding to
ssDNA, primase loading on the template in vivo might be facil-
itated by Prim-Pol� integration into the replisome (30, 31).

To better understand the contribution of p58C to the inter-
action between Prim and DNA/RNA, we have compared the

FIGURE 2. Analysis of p58C interaction with DNA/RNA duplexes by EMSA.
The total amount of p58C loaded on each lane was 1.1 �g (50 pmol); the
amount of DNA/RNA ligand in each one of lanes 2– 6 was 55 pmol. Lane 1, no
substrate; lane 2, T1-P1; lane 3, T1-P2; lane 4, T2-P1; lane 5, T3-P1 (1-nucleotide-
long 3�-overhang); lane 6, T4-P1. Samples were analyzed by electrophoresis in
5% native PAGE and stained first with ethidium bromide (left panel) and then
with Coomassie R-250 (right panel). p58C is a basic protein and moves in
reverse direction when not in the complex with DNA/RNA.

FIGURE 3. Inhibition of rA15 primer extension by substrates with different structures. Panels A and B correspond to two representative gels. Reactions
containing 40 nM Prim-Pol��cat and 0.2 �M 5�-TYE665 fluorophore-labeled rA15 primer annealed to the dT70 template were conducted for 10 min at 30 °C. The
products were analyzed by electrophoresis in 16% urea-PAGE and visualized using the Typhoon 9410 imager (emission of fluorescence at 670 nm). The left lane
is the control incubation without enzyme. On the top schematics, DNA and RNA strands are shown by black and gray lines, respectively.

TABLE 2
Effect of the template-primer structure on the affinity for primase and
p58C

Apparent Kd values with 95% confidence intervals
Protein T5-P1a T1-P1 T4-P1b T1-P2c T4-P1d T1

nM nM �M �M �M �M

Primase 27.6
25.3–29.9

36.0
28.6–45.3

3.3
2.1–5.1

12.9
10.3–16.2

153.1
114.2–205.1

195.4
139.9–272.9

p58C 32.7
28.9–36.6

Assay EMSA Competitive inhibition
a T5-P1 substrate has a similar structure with T1-P1 and contains Cy3 dye at the

5�-terminus of T5.
b The 3�-overhang of DNA template is absent.
c The 5�-triphosphate of RNA primer is absent.
d The 5�-triphosphate and 3�-overhang are absent.
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affinities of Prim and p58C to T5-P1 by EMSA (Fig. 5). T5 has a
similar structure to T1 and is labeled at the 5�-end with a Cy3-
dye (Table 1). The obtained apparent Kd values were almost the
same (Table 2; second row), which indicates that p58C domain
in primase is the main element responsible for template-primer
binding. This finding is consistent with the early report where
only p58 reacted with photo-reactive DNA upon photolysis in
experiments with photo-cross-linking of ssDNA-primase com-
plexes before and after primer synthesis (17).

TriP and the 3�-Overhang Are Important for Primase
Activity—Most of the substrates used so far for the analysis of
primase activity in extension of RNA primers contained the
fluorescent label at the primer’s 5�-end, which simplified the
experiments but abrogated the usage of natural 5�-terminal
triphosphate. Furthermore, other factors that make tradition-
ally used substrates more artificial are the length of RNA prim-
ers (they were usually longer than primase products generated
in vivo), absence of the 3�-overhang, and homopolymeric
sequences of the templates. Here we designed a new template-
primer (T6-P3, Table 1) that mimics the natural primase sub-
strate. The duplex length was reduced to the minimum (six base
pairs) sufficient to have a stable template-primer complex at the
reaction conditions. The products were labeled only at one site
by incorporation of [�-33P]GTP at the primer’s seventh posi-
tion. To avoid de novo synthesis, the pyrimidines were excluded
from the single-stranded (ss) regions of the DNA template.
Four different substrates including the optimal one (T6-P3)
were used to analyze the effects of TriP (T6-P4), the 3�-over-
hang (T7-P3), and both (T7-P4) on primase activity. The reac-
tion time and Prim-Pol��cat concentration were varied to see
the whole range of activity for each substrate. The cold GTP
was typically not added to the reactions to avoid dilution of the
radioactive label, and as a result, reduced band intensity further
complicating the analysis of low activity samples. The addition
of cold GTP does not, however, affect the distribution of prod-
uct sizes (Fig. 6A, lane 5; compare with lanes 3 and 4). Reactions
conducted in the absence of NTPs, except [�-33P]GTP, allow
for unambiguous identification of �1 primer extension prod-
ucts in the presence and absence of TriP (lanes 2 and 9; note
that TriP significantly affects the mobility of RNA primers).

FIGURE 4. Association with Pol��cat prevents nonspecific interaction of
Prim with ssDNA. All reactions contained 5 �M protein and/or DNA. Samples
were analyzed by electrophoresis in 5% native PAGE and stained first with
SYBR Gold (left panel) and then with Coomassie R-250 (right panel). Prim is a
basic protein and moves in reverse direction when not in the complex with
ssDNA or the DNA/RNA duplex.

FIGURE 5. Primase and p58C bind the template-primer with a similar affinity. Primase (A) or p58C (B) of varying concentrations were incubated with T5-P1
(20 nM; T5 is labeled with Cy3 at the 5�-end). The reaction products were separated by 5% native PAGE with subsequent visualization using the Typhoon 9410
imager (emission of fluorescence at 580 nm). The graphic analyses of the obtained data were performed using the Prism 6 software (one-site specific binding
with a Hill slope). Concentration of the free protein was calculated by subtracting the concentration of the protein-DNA/RNA complex from the total protein
concentration.
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Extension of the RNA primer P3 (GGCGGC) containing
TriP and annealed with a 60-mer DNA template T6 resulted in
the appearance of the product pattern (Fig. 6A, lanes 3 and 4)
similar to de novo synthesis (32). The primase activity was esti-
mated semi-quantitatively as described in the legend to Fig. 6.
The absence of the 3�-overhang results in a 4-fold reduction in
activity (comparison of lanes 3 and 7). TriP has a stronger
impact on the primase activity in comparison to the 3�-over-
hang (comparison of lanes 7 and 10).

Primase efficiently counts the primer length on the T6-P3
substrate; the major products have the length of 8 –10 nucleo-
tides independent of reaction time (Fig. 6A, lanes 3 and 4). The
absence of the 3�-overhang or TriP affects synthesis termina-
tion at these positions, which results in a significantly elevated
ratio of the products with a length of �10 nucleotides (lanes 7

and 8 and lanes 10 and 11, respectively). The increase of
enzyme concentration altering the enzyme to a substrate
ratio from 1:20 to 1:2 has little impact on the intrinsic pri-
mase ability to terminate synthesis at the defined primer
length (Fig. 6B). In the case of the substrate without both
p58C binding elements, the activity is severalfold lower in
comparison to the substrates where only one element is
missing (Fig. 6A, comparison of lane 12 with lanes 7 and 8 or
lanes 10 and 11, respectively). Moreover, the primase ability
to count the primer length was almost completely disrupted
on the T7-P4 substrate (lane 12), which indicates that bind-
ing of TriP and the 3�-overhang by p58C is important for
counting. These results indicate that TriP and the 3�-over-
hang exhibit a synergistic effect on the substrate binding and
RNA-polymerizing activities of the human primase.

FIGURE 6. Effects of the template-primer structure and p58C on primase activity. Primase activity was analyzed in reactions of extension of 6-mer RNA
primers (with or without TriP) annealed with 53- or 60-mer DNA templates. The products were labeled by incorporation of [�-33P]GTP at the seventh position.
Note that the negatively charged TriP moiety significantly increased the mobility of RNA primers. A, analysis of the primase activity of Prim-Pol��cat (lanes
1–14) and Prim�FeS-Pol��cat (lanes 15 and 16). Lanes 1–5 and 15, T6-P3; lanes 6 and 14, T6; lanes 7 and 8, T7-P3; lanes 9 –11, T6-P4; lanes 12, 13, and 16, T7-P4.
Reactions corresponding to lane 5 contained 10 �M GTP. Quantification of the data is provided under each lane below the gel. The intensity of all bands was
determined for estimation of the relative primase activity normalized to the protein concentration (the highest activity level was taken for 100%). The primase
counting ability was calculated as the ratio of the combined intensity of the bands corresponding to the 8, 9, and 10-mer primers to the total intensity of all
products, multiplied by 100%. B, effect of the enzyme-template ratio on the primase ability to terminate primer synthesis at the defined position. Reactions
were run at the same conditions as for lane 4 (panel A) except the concentration of Prim-Pol��cat was varied.
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p58C Plays an Important Role in Primer Extension and Length
Counting—We analyzed the activity of Prim�FeS-Pol��cat
(the iron-sulfur cluster binding domain p58C and Pol� catalytic
core are absent) on the optimal (T6-P3) and the worst (T7-P4)
substrates. In the absence of p58C, primase does not sense TriP
and the 3�-overhang and cannot count the primer length even
on the optimal substrate (Fig. 6A, lanes 15 and 16). These data
are consistent with the previous report that primase counting in
de novo synthesis was affected by deletion of the Met-288 –Leu-
313 region in p58C (16). The deletion of p58C dramatically
reduces RNA-polymerizing activity to a level close to that for
the wild-type primase on the worst substrate T7-P4 (Fig. 6A,
comparison of lanes 12 and 15). These data are in accordance
with the results of EMSA studies that TriP and the 3�-overhang
binding sites are both located on p58C (Figs. 1 and 2). These
findings help to explain why in previous primer extension stud-
ies, where the substrate was missing TriP and sometimes also
the 3�-overhang, the effect of p58C deletion was not so promi-
nent, and its significance for primer elongation was underesti-
mated (13, 18, 33). Earlier, Podust et al. (34) compared the
activity of Prim-Pol� purified from the human placenta on
ribooligoadenylates of varying length (from 2 to 10 nucleotides)
and found that deletion of the �- and �-phosphates from the
5�-terminus of RNA primers significantly diminishes their
extension. Their findings together with the data reported here
indicate that the �- and �-phosphates are important for inter-
action of an RNA primer with p58C, and this interaction exists
over the whole cycle of primer synthesis.

Primase Prefers to Extend an Existing Primer Versus Initiat-
ing New Primer Synthesis—Primase could potentially perform
two types of reactions on the T6-P3 substrate (as well as on the
other three substrates analyzed in Fig. 6): extension of the exist-
ing 6-mer primer and synthesis of a new primer de novo, begin-
ning with the generation of a dinucleotide. The template region
complementary to the primer contains several cytidines as
potential de novo start positions. According to the calculated
annealing temperature for the T6-P3 hybrid duplex (38.5 °C),
approximately half of the template is not in the complex with
the primer at the specified reaction conditions and could serve
as a template for de novo synthesis. No primase de novo activity
was observed on the T6 template in the absence of the primer
after 2 min of incubation with a 50 nM enzyme (Fig. 6A, lane 6),
whereas the 8-fold increase of incubation time and the 10-fold
increase of enzyme concentration (80-fold total) resulted in a
significant level of products synthesized de novo (Fig. 6A, lane
14). The level of de novo synthesis observed in lane 14 (no
primer) is enhanced �2-fold in comparison to lane 13, where
approximately half of DNA molecules are primed by RNA and
could not serve as templates for dinucleotide synthesis. Taking
this into account, we can conclude that most of the products
seen in lane 13 (Fig. 6A) are generated during the extension of a
6-mer primer. Moreover, in reactions containing Prim�FeS-
Pol��cat, we observed only the extension of primer (Fig. 6A,
lanes 15 and 16), because p58C is essential for the initiation of
primer synthesis (13, 18, 33). These data indicate that the opti-
mal DNA/RNA duplex (with TriP and the 3�-overhang) is a
much more favorable substrate for primase in comparison to
ssDNA, which is consistent with an �6000-fold difference in

affinity (Table 2). In the absence of TriP and the 3�-overhang,
primase activities in primer extension and in de novo synthesis
become comparable. These observations will be helpful in
understanding the dependence of primase counting on the type
of assay discussed in the next section.

Primase Counting Depends on Many Factors—We have re-
cently shown that primase counting depends on the template
sequence (13); in the de novo assay the human primase synthe-
sized only the unit-length primers (8 –10-mer) on the oligo(dA)
template and the full-length primers (16-mer) on the similar
template with added guanines (pyrimidines except one thymine
were excluded to keep a single-start position). Now, in an
extension assay using a similar homopurine template, we
observe that primase stops synthesis when the primer is 8 –10
nucleotides long (Fig. 6A, lane 3). The main differences
between our recent and current studies are the type of assay (de
novo or extension, respectively) and the type of divalent metal
used (manganese or magnesium, respectively). To study the
influence of these factors on the product’s length we analyzed
the dependence of primase activity and counting on the con-
centration of divalent metals and salt using the optimal sub-
strate (T6-P3). Primase activity was inhibited severalfold by
decreasing Mg2� concentration from 5 mM to 0.5 mM (Fig. 7,
lanes 4, 6, and 8), whereas the reduction of the Mn2� concen-
tration enhanced activity (lanes 9, 11, and 13). Moreover, pri-
mase demonstrated a different response to salt concentration
depending on the type of divalent metal in the reaction. In the

FIGURE 7. Effects of salt and divalent metals on primase activity and
counting. Primase activity in the extension of a 6-mer RNA primer was ana-
lyzed by incubation at 35 °C of 50 nM Prim-Pol��cat with 1 �M T6-P3 (lanes
4 –13) or T8-P3 (lane 3) substrates in the presence of 100 �M each UTP and CTP
and at varying salt and divalent metal concentrations. Reactions correspond-
ing to lane 3 also contained 10 �M GTP and 100 �M ATP. The products were
labeled by incorporation of [�-33P]GTP at the seventh position. Lane 1, control
incubation of T6-P3 without enzyme; lane 2, same conditions as in lane 3
except the primer is absent (de novo synthesis conditions). Results of data
quantification (performed as described in the legend to Fig. 6) are provided
under each lane below the gel.
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presence of Mg2�, primase activity was inhibited almost 4-fold
by increasing the salt concentration from 15 mM to 150 mM

(lanes 5–7), whereas in the presence of Mn2�, salt stimulates
RNA synthesis (lanes 10 –12).

We directly compared primase counting at the previously
used conditions (13) and the current ones. At 50 mM KCl, the
level of the unit-length primers was lower in the presence of 2
mM Mn2� in comparison to 2 mM Mg2� (Fig. 7, lanes 6 and 11).
The increase of salt concentration from 50 mM to 150 mM

reduced the counting effect in the presence of 2 mM Mg2�

(lanes 6 and 7), whereas the opposite effect was observed in the
presence of 2 mM Mn2� (lanes 11 and 12). The pronounced
ability of primase to count the primer length on the T6-P3 sub-
strate is not due to peculiarities of the template sequence. Pri-
mase demonstrated the same behavior on the heterogeneous
template T8 (Fig. 7, lane 3).

An additional important factor affecting the analysis of pri-
mase counting is the type of assay. It was mentioned previously
that the DNA/RNA duplex with TriP and the 3�-overhang is the
preferred substrate for primase versus ssDNA. That is why a
de novo assay cannot provide a single-hit condition, which
requires the comparable or higher affinity of the enzyme for the
substrate versus the product. When primase dissociates from
the template after synthesis of the 8 –10-mer primer, there is a
high probability that it will re-bind this product and continue
primer extension rather than initiating new primer synthesis.
In support of this conclusion, during de novo synthesis on the
T6 template that has a significant number of guanines provid-
ing higher duplex stability, Prim-Pol��cat mostly generates the
primers that are �10 nucleotides long (Fig. 6A, lane 14). Actu-
ally, a de novo assay can provide a single-hit condition if the
generated duplex is unstable at the reaction conditions, so the
dissociation of primase from the unit-length primer will result
in template-primer dissociation precluding the next round of
primer synthesis. The unit-length hybrid duplexes containing
only A-T pairs are not stable at temperatures higher than 25 °C
(10, 32). Therefore, the counting observed on poly(dT) or
poly(dA) templates is an intrinsic primase property rather than
the effect of unusual structures of such templates as we pro-
posed previously (13).

Discussion

There is no structural information for any primase in the
complex with substrates during the initiation or elongation
steps; thus, the mechanism of primase action remains unclear.
It has been proposed that DNA primases initiate primer syn-
thesis after the formation of the quaternary complex with a
DNA template and two NTP molecules (8, 10, 23). Conse-
quently, the primase must have two NTP binding sites, referred
to as the initiation site and the elongation (active) site. The
active site is located on the catalytic subunit near the catalytic
aspartates 109 and 111 and has been structurally characterized
(11–13). The location of the binding site for the initiating NTP
has not been defined yet. It has been shown that the triphos-
phate group of the initiating nucleotide is important for dinu-
cleotide synthesis, and it was proposed that it interacts with
Arg-304 of p49 (35). However, recent structural data indicate
that Arg-304 is buried inside the molecule and, accordingly,

most likely plays a purely structural role; this explains the seri-
ous defect in primase activity when it is changed to another
amino acid (12, 13). The complete abrogation of dinucleotide
synthesis when p58C is absent suggests that the initiation site is
located on this domain (8, 13, 27, 28). The significance of p58C
for primer extension was underestimated due to the usage of
unnatural primers. Here we have shown that p58C plays a crit-
ical role during the elongation step as well.

Based on the accumulated biochemical and structural data, it
is possible to predict the arrangement of primase on the tem-
plate-primer during all steps of RNA primer synthesis (Fig. 8).
We propose that TriP of the initiating nucleotide, which forms
the 5�-end of the RNA primer, interacts with p58C during both
stages of primer synthesis; therefore, p58C always stays bound
to the DNA/RNA junction at the 5�-end of the primer, whereas
p49-p58N moved away together with the 3�-end. This mode of
template-primer binding predicts the increasing distance
between the two functional domains during primer elongation
and offers a mechanism for how the primase may count the
primer length. The “hinge” model proposed earlier was based
on the general idea that the counting could be due to the
decrease or increase of the distance between primase subunits
during primer synthesis (24). The ability of p58C to bind DNA
and NTP was predicted previously using bioinformatics tools.
The region spanning residues 270 –343 of p58 has a significant
sequence similarity with an 8-kDa domain of the human Pol�
that regulates the processivity of this polymerase (16). More-
over, the N-terminal portion of p58C comprising that region
revealed a striking structural similarity with the ssDNA and
FAD binding domain of the cryptochrome 3 from Arabidopsis
thaliana (27).

The 18-residue linker between p58C and the rest of the pri-
mase molecule, revealed in our recent structural study, pro-
vides significant conformational freedom that allows p58C to be
close to p49 during initiation and move apart during elongation
(13). The current results indicate a division of work in the
human DNA primase: the small catalytic subunit is responsible

FIGURE 8. A model of interaction of the human primase with substrates at
the initiation and elongation steps of primer synthesis. p58C stays bound
to the initiating NTP and the 3�-overhang during the whole cycle of RNA
primer synthesis, whereas p49 slides along the template toward the 5�-end.
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for catalysis, whereas the large subunit is responsible for tem-
plate-primer binding. This mechanism is consistent with our
recent model of the Prim-DNA/RNA-CTP complex, which
revealed only a few potential contacts between the catalytic
subunit and DNA (13). The model suggests a weak interaction
between p49 and DNA/RNA and the strong possibility of p49
dissociation from the substrate during synthesis, which
explains the distributive character of RNA primer synthesis
(Fig. 6A, lane 3). The interaction between p58C and TriP might
facilitate the correct positioning of the template on the primase
molecule during primer extension. The comparable affinity for
ssDNA and the DNA/RNA duplex without TriP and the
3�-overhang suggests only a few contacts between the human
primase and the RNA primer, where most of them are mediated
by the interaction of p58C with TriP. The important role of the
C-terminal domain of the large primase subunit for template
binding is consistent with the recent finding that this domain is
required not only for primase activity but also for the loading of
Prim-Pol� on early replication origins (36).

According to the data in the literature and our results, we can
propose that DNA primases from other species, including
phages, bacteria, and archaea, bind DNA/RNA in a similar way,
where the flexibly tethered accessory domain participates in
binding of the template and the initiating NTP (37– 42).
Depending on the organism studied, the functional counterpart
of p58C may be located on the catalytic or a different subunit,
may contain an [FeS]-cluster or zinc or none of them, and may
work in cis or trans orientation. The proposed common mode
of RNA primer binding only at two distant points (the 5� and 3�
ends) is consistent with the significant translesion synthesis
activity of DNA primases because they cannot sense the modi-
fied nucleotides in the newly synthesized strand (43– 46). Due
to this unique mode of RNA primer binding, DNA primases are
able to “write and count” but cannot “read what they wrote.”
The data reported here will facilitate the design of RNA-primed
DNA templates for structural studies of a broad range of DNA
primases in functional complexes with their substrates, hence
facilitating the design of a new class of antibiotics targeting a
flexibly tethered accessory domain of primases.
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