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Background: The zinc-binding domain of DNA primase has been implicated in template recognition.
Results: Residues around cysteines within the zinc-binding domain coordinate template binding but not sequence recognition.
Conclusion: The integrity and functional conformation of the zinc-binding domain are important for DNA primase function.
Significance: The zinc-binding domain of DNA primase is essential for template binding and primer synthesis.

The zinc-binding domain (ZBD) of prokaryotic DNA pri-
mases has been postulated to be crucial for recognition of spe-
cific sequences in the single-stranded DNA template. To deter-
mine the molecular basis for this role in recognition, we carried
out homolog-scanningmutagenesis of the zinc-binding domain
of DNA primase of bacteriophage T7 using a bacterial homolog
from Geobacillus stearothermophilus. The ability of T7 DNA
primase to catalyze template-directed oligoribonucleotide syn-
thesis is eliminated by substitution of any five-amino acid resi-
due-long segment within the ZBD. The most significant defect
occurs upon substitution of a region (Pro-16 to Cys-20) span-
ning two cysteines that coordinate the zinc ion. The role of this
region in primase function was further investigated by generat-
ing a protein library composed of multiple amino acid substitu-
tions for Pro-16, Asp-18, and Asn-19 followed by genetic
screening for functional proteins. Examination of proteins
selected from the screening reveals no change in sequence-spe-
cific recognition.However, themore positively charged residues
in the region facilitate DNA binding, leading to more efficient
oligoribonucleotide synthesis on short templates. The results
suggest that the zinc-binding mode alone is not responsible for
sequence recognition, but rather its interaction with the RNA
polymerase domain is critical forDNAbinding and for sequence
recognition. Consequently, any alteration in the ZBD that dis-
turbs its conformation leads to loss of DNA-dependent oligori-
bonucleotide synthesis.

Aproblem encountered by the replisome is the simultaneous
replication of antiparallel DNA strands by the unidirectional
polymerizing activity of DNA polymerases. This dilemma is
resolved by different modes of DNA synthesis for the leading
and lagging strands. Unlike the continuous synthesis of the
leading strand, the lagging strand is synthesized discontinu-
ously in the formofOkazaki fragments. TheOkazaki fragments

reside within a replication loop that allows for the overall syn-
thesis of both strands in the same direction with all events
occurring within the replisome. Synthesis of the Okazaki frag-
ments however necessitates a supply of oligoribonucleotides on
the single-stranded lagging strand extruded by the helicase dur-
ing leading strand synthesis. DNA primases are designated to
fulfill this function by catalyzing the synthesis of oligoribo-
nucleotides (1).
Unlike their eukaryotic counterparts, prokaryotic DNA pri-

mases (DnaG family) synthesize primers from specific sites on
single-stranded DNA (ssDNA).2 Amino acid sequence align-
ment of DNA primases from bacteria and bacteriophages has
identified six conserved motifs (2). The first motif at the N
terminus of the primase is a zinc-binding domain (ZBD) that
consists of four cysteines (Cys4) or three cysteines and one his-
tidine (Cys-His-Cys2) that coordinate a zinc ion. The other five
motifs reside in an RNA polymerase domain (RPD) located in
the C-terminal portion of the primase where binding and the
catalytic condensation of NTPs occur. Motifs 4–6 form a
TOPRIM-fold that contains two magnesium ions that partici-
pate in a two metal-mediated phosphodiester formation reac-
tion similar to most polymerases (3). Together with the
TOPRIM-fold, motifs 2 and 3 are believed to create the tem-
plate-binding site. Although theRPD is responsible for the tem-
plate-directed coupling of the NTPs, the ZBD plays a critical
role in the binding of the primase to specific trinucleotide
sequences in the template defined as primase recognition sites
(1). Each prokaryotic primase has its own recognition sequence
for primer synthesis, distinct from others. The “cryptic” nucle-
otide at the 3�-side of the trinucleotide is not copied into RNA
products, but its presence is essential for recognition of the
sequence by the primase. NTPs complementary to the next
nucleotides at the 5�-side of the template are then added to
generate thedinucleotide, and it is further extended to theoligo-
nucleotide of a functional length that can be used by the DNA
polymerase as a primer. Primers synthesized de novo must be
stabilized by the primase and then handed off to DNA poly-
merase for the initiation of DNA synthesis.
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One of the well characterized prokaryotic primases is the
primase-helicase encoded by gene 4 of bacteriophage T7. The
C-terminal domain of the gene 4 protein is a member of super-
family 4 hexameric helicases. The helicase domain binds
ssDNA and unwinds parental DNA at the expense of dTTP
hydrolysis. The primase domain, located in the N-terminal half
of the gene 4 protein, recognizes the sequence 5�-GTC-3� in
ssDNA. At this trinucleotide recognition site, the T7 DNA pri-
mase catalyzes the synthesis of the diribonucleotide pppACand
further extends it to functional tetraribonucleotides, and
pppACCC, pppACCA, and pppACAC provided cognate
sequences are available in the template (4, 5). The crystal struc-
ture of the T7 primase revealed a modular organization in
which the ZBD and the RPD are connected by a flexible linker
(6). The ZBD of T7 primase contains a four-stranded, antipar-
allel �-sheet (Fig. 1). Four cysteines, located at loop regions
connecting �-strands, coordinate a zinc ion to form a structure
typical of members of the zinc-ribbon family. The RPD of T7
primase contains an N-terminal subdomain consisting of four
�-strands (motifs 2 and 3) and the TOPRIM-fold (motifs 4–6).
Substitution of conserved residues in these signature motifs
results in loss of ability to catalyze phosphodiester bond forma-
tion and thus synthesis of oligoribonucleotides illustrating their
critical roles in catalysis (7, 8). The flexible linker region con-
necting the ZBD and RPDmodulates contacts between the two
subdomains during primer synthesis (9).Within the hexameric
structure composed of full-length gene 4 primase-helicase, a
ZBD from one subunit can interact with the RPD from the
adjacent subunit to catalyze synthesis of oligoribonucleotides
in a trans mode (10), suggesting a regulatory role of primase
during DNA synthesis (11).
The importance of the ZBD in DNA-dependent oligoribo-

nucleotide synthesis was initially noticed in studies with the
56-kDa gene 4 protein, a truncated form of the 63-kDa gene 4
protein, that arises from in-frame translation of the full-length
gene 4 (12). The 56-kDa gene 4 protein lacks the N-terminal 63
amino acid residues corresponding to the ZBD and is not capa-
ble of catalyzing primer synthesis in a template-dependent
manner (13). However, the 56-kDa gene 4 protein, like the full-
length protein, does synthesize random diribonucleotide in the
absence of template, albeit at a very slow rate. Replacement of a
single cysteine in theZBDwith a serine results in loss of the zinc
ion and abolishes template-directed synthesis (14). Further-
more, site-directed mutagenesis has identified amino acid res-
idues critical to the recognition of 5�-GTC-3� (15).
A persistent goal has been to elucidate the molecular mech-

anism by which the T7 primase recognizes a trinucleotide
sequence in ssDNA. Prokaryotic DNA primases, each having a
distinct ZBD, synthesize primers of different sequences. Con-
sequently, it has been suggested that sequence specificity is dic-
tated by interactions between amino acid residues in the ZBD
and the trinucleotide sequence in DNA (1). Previously, we
attempted to modify the specificity by either swapping the
entire ZBD (16) or a portion of the zinc-spanning region with
equivalent parts of homologs (17). These studies demonstrated
that the integrity of ZBD is important in the recognition of
specific sequences, but they failed to reveal the basis for the
recognition.

Recent reports of the structures and recognition sequences
of DNA primases have provided an approach to obtain addi-
tional information on the role of the ZBD in template recogni-
tion and binding (18–20). X-ray crystallographic structures
show that the ZBDs of the T7 primase and of the primase of
Geobacillus stearothermophilus (formerly known as Bacillus
stearothermophilus) are similar in their overall structures (6,
21). With the exception of some misaligned regions at the N
terminus of the G. stearothermophilus primase and the C ter-
minus of the T7 primase, the two enzymes exhibit a similar
folding in the zinc-spanning region (Fig. 1). Both primases have
four antiparallel �-sheets forming two loops in which cysteines
(or a histidine) coordinate a zinc ion. Despite these resem-
blances, T7 primase recognizes 5�-GTC-3� in the template,
whereas G. stearothermophilus primase recognizes either
5�-TTA-3� or 5�-CTA-3� (22). In an attempt to identify a region
critical to the function of the ZBD, we have constructed altered
T7 primases containing homologous portion of the G. stearo-
thermophilus primase and examined their ability to catalyze
template-directed synthesis of oligoribonucleotides and to
deliver them to DNA polymerase. In addition, a collection of
proteins consisting of a variety of amino acid substitutions in
the vicinity of zinc-coordinating residues was generated and
analyzed to examine their interaction with the template DNA.
Our results lead us to conclude that the zinc-binding motif is
per se not responsible for sequence recognition. However, its
interaction with the RNA polymerase domain is critical for
DNA binding and hence for sequence recognition.

EXPERIMENTAL PROCEDURES

Materials—Oligonucleotides were obtained from Integrated
DNA Technology and Dharmacon. Plasmid DNA purification
kits and nickel-nitrilotriacetic acid resins were from Qiagen.
Restriction endonucleases, Deep Vent� polymerase, and T4
DNA ligase were purchased fromNew England Biolabs. Radio-
labeled nucleotides were purchased from PerkinElmer Life Sci-
ences. Sensor chips and reagents for surface plasmon resonance
studies were from GE Healthcare.
Mutagenesis, Overproduction, and Purification of Recombi-

nant Proteins—Alterations at selective positions of the ZBD
were introduced into plasmids expressing either the entire T7
gene 4 (pET24-gp4 or pET28-gp4) or the T7 DNA primase
coding region (pET24-g4P) following procedures described
previously (7). A DNA fragment containing alterations in gene
4 was generated by PCR and incubated with NdeI and BstBI.
The insert DNA purified on an agarose gel was ligated into the
plasmid treated with the same restriction enzymes. After the
presence of the alteration was confirmed by DNA sequence
analysis of the entire gene 4 coding region, the resulting plas-
mids were transformed into Escherichia coli BL21(DE3). Pro-
teins were overproduced by inducing cells with 1 mM isopropyl
�-D-1-thiogalactopyranoside at 37 °C for 3 h after the culture
reached A600 of around 1. A full-length gene 4 protein contain-
ing no His tag was purified as described previously (7) using
DEAE-anion exchange column chromatography instead of
ATP-agarose affinity chromatography. The ATP-agarose affin-
ity chromatographywas omitted to avoid use of EDTA, a poten-
tial chelator for zinc ion during the protein elution step. Pro-
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teins containing a His tag at the N terminus were purified using
nickel-nitrilotriacetic acid affinity chromatography followed by
DEAE-anion exchange column chromatography (23). All puri-
fied proteins were over 90% pure as judged on SDS-polyacryl-
amide gel.
Complementation of Phage Growth—E. coli DH5� (0.3 ml)

harboring a plasmid that expresses T7 gene 4was cultured until
anA600 of around 1 andmixedwith serially diluted T7�4 phage
lacking gene 4 (0.1 ml) in 3 ml of soft agar. The mixture was
plated on the top of LBplate, and the plaques that emerged after
incubation at 37 °C for 5 h were counted. Additional deletions
around gene 4 in T7�4 (T7 nucleotide 11,481–13,621) prevent
homologous recombination between the phage and the gene
4-expressing plasmid.
Template-directed Oligoribonucleotide Synthesis—Reaction

mixture contained 40 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 10
mMDTT, 50mMpotassium glutamate, 0.1mM each of ATP and
[�-32P]CTP (0.1�Ci/�l), indicated oligomerDNA containing a
primase recognition site (5�-GGGTC-3� or 5�-TGGTC-3�) or
10 nMM13 ssDNA, and the indicated amount of gene 4 protein
or primase. After incubation at 37 °C for 30 min, the reaction
was terminated by the addition of 2 �l of sequencing dye, and
reaction products were separated on a 25% denaturing poly-
acrylamide sequencing gel containing 3 M urea. The gel was
dried for autoradiography, and the amount of CMP incorpo-
rated into the major product, the tetraribonucleotide, was
determined using a Fuji BAS 1000 Bioimaging analyzer.
RNA-primed DNA Synthesis—T7 DNA polymerase cannot

initiate synthesis on ssDNA. Gene 4 primase allows T7 DNA
polymerase to initiate synthesis on ssDNA by synthesizing tet-
raribonucleotides for use as primers by the polymerase or by
delivering preformed oligoribonucleotides to the polymerase.
The ability of T7 gene 4 primase to support DNA synthesis was
examined in the following assay. The reaction contained 10 nM
M13 ssDNA, 0.3 mM each of [�-3H]dGTP (10 cpm/pmol),
dCTP, dATP, and dTTP, 200 nM T7 gene 4 protein, 10 nM T7
DNA polymerase, and either a mixture of 0.1 mM each of NTPs
or the indicated amount of preformed tetraribonucleotide
ACCA in 40 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 10 mM DTT,
and 50mMpotassium glutamate. The reactionwas incubated at
37 °C for 10 min and terminated by the addition of EDTA to a
final concentration of 20mM. The reaction products were spot-
ted onto a DE81 membrane (Whatman), and the membrane
was washed three times with 10 ml of 0.3 M ammonium for-
mate, pH 8.0, to remove unincorporated radioactive nucleo-
tide. The amount of DNA synthesis was determined by mea-
suring the radioactive products retained on the membrane.
Construction of Plasmid Library and Selection of Functional

Gene 4 Protein—A library of plasmids containing multiple
amino acid substitutions for Pro-16, Asp-18, and Asn-19 was
constructed by introducing mixed codons into the coding
region using a random mutagenic primer (5�-GT GTA TTT
CTT TAC CAC ATT NNK TGT NNK NNK TGT GGG AGT
AGT GAT GGG-3� where N � any base; K � G or T; mutated
codon shown in boldface). The mixture of E. coli cells contain-
ing the plasmid library was infectedwith T7 phage�4-1 lacking
T7 nucleotides 11,563–11,806 (24). The presence of the T7
nucleotide 11,333–11,950 in the plasmid allows for homolo-

gous recombination with the phage genome to produce phages
containing various codons at the three positions in the ZBD.
Upon plating the lysate on E. coli lacking a gene 4 expressing
plasmid, only phages that acquire a functional gene 4 coding
region as the result of homologous recombination produce
plaques. E. coli cells (4 � 105) harboring the plasmid library
were infected with the T7 phage �4-1 (2 � 104 pfu), and the
resulting lysate was collected. Plaques were isolated, and the
sequence of their gene 4 coding region (T7 nucleotide 11,565 to
12,200) was determined by DNA sequence analysis.
Measurement of DNA Binding Affinity by Surface Plasmon

Resonance—The binding affinity of T7 primase to ssDNA was
determined using surface plasmon resonance as described pre-
viously (25). Single-stranded 25-merDNAbiotinylated at the 5�
end was immobilized on a streptavidin-coated sensor chip.
Binding of protein was detected by flowing the indicated pri-
mase (10�M) over the chip in a binding buffer (10mMTris-HCl,
pH 7.5, 50 mM potassium glutamate, 10 mM MgCl2, and 1 mM

DTT) at a flow rate of 40 �l/min. The surface of the chip was
regenerated by injecting 100�l of 1MNaCl and 50mMNaOHat
a flow rate of 100 �l/min to remove bound proteins. Binding
signal was determined by subtracting the nonspecific signal
from a control flow cell in which biotin was immobilized
instead of biotinylated DNA.

RESULTS

Homolog-scanning Mutagenesis of ZBD of T7 DNA Primase—
The structures of the ZBDs of T7 DNA primase and G. stearo-
thermophilus primase are similar especially near the zinc atom
as seen in their superimposed structures (Fig. 1, A and B). An
alignment of amino acid sequences shows that their secondary
structures are also conserved (Fig. 1C). Yet the two primases
recognize different trinucleotide sequences for primer synthe-

FIGURE 1. ZBD of T7 and G. stearothermophilus (Gst) DNA primases. A, x-
ray crystallographic structures of the ZBDs of DNA primases from bacterio-
phage T7 (Protein Data Bank code 1NUI) and G. stearothermophilus (Protein
Data Bank code 1D0Q). Despite the differences, the overall structures of the
two ZBDs near the zinc are similar. Zinc atoms shown by a gray sphere are
coordinated by side chains of cysteines and histidine located in two loop
regions flanked by �-strands. Residues coordinating the zinc in T7 and G.
stearothermophilus primases are shown in magenta and orange, respectively.
Primase recognition sequences for each primase are shown at the bottom of
structures. B, superimposed structures of zinc-binding region. C, comparison
of amino acid sequences of ZBDs of T7 and G. stearothermophilus primases.
Amino acid sequences were initially aligned by ClustalW (35) and manually
modified to minimize drastic substitution in homolog-scanning analysis. Res-
idues underlined are in �-strand regions. ZBDs were divided into five seg-
ments (H1 to H5), and each segment of T7 primase was replaced with the
corresponding portion of the G. stearothermophilus primase to generate five
hybrid gene 4 proteins. Residue numbers for T7 ZBD are: H1 (Phe-11–Ile-15),
H2 (Pro-16 –Cys-20), H3 (Gly-21–Gly-25), H4 (Asn-26 –Ser-30), and H5
(Asp-31–Phe-35).
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sis as follows: 5�-GTC-3� for T7 primase and 5�-TTA-3� or
5�-CTA-3� for G. stearothermophilus primase. To identify a
region responsible for this divergent template recognition, we
used homolog-scanning mutagenesis of T7 primase using G.
stearothermophilus primase (26). A portion of the ZBD of T7
DNA primase in the vicinity of the zinc ion (Phe-11 to Phe-35)
was divided into five segments based on the similarity of sec-
ondary structure to that ofG. stearothermophilusprimase. Each
of the segments was replaced with the homologous region of
the ZBD of G. stearothermophilus, generating five hybrid T7
gene 4 proteins containing a portion of the ZBD of G. stearo-
thermophilus (Fig. 1).
Complementation of T7�4 Growth—The effect of the altera-

tions on the in vivo function of gene 4 protein was examined by
a phage growth complementation assay. In this assay, the via-
bility of T7 phage lacking the entire gene 4 (T7�4) depends on
the expression of gene 4 from a plasmid harbored in E. coli. As
shown in Table 1, compared with wild-type protein, all hybrid
proteins exhibit a 102 to 107-fold decrease in their ability to
support growth of T7�4. Plaque sizes obtained with the hybrid
proteins were also significantly smaller than those observed
with the wild-type gene 4 protein (data not shown). In particu-
lar, alterations of a segment containing Cys-17 and Cys-20 that
coordinate the zinc (H2) and a segment neighboring another
zinc-coordinating cysteine, Cys-36 (H5), result in amore severe
defect than the other alterations (H1, H3, and H4).
Oligoribonucleotide Synthesis Activity—To determine

defects that lead to the loss of in vivo function, the hybrid pro-
teins were purified and examined in biochemical assays. In all
assays, the 56-kDa gene 4 protein lacking ZBDwas included for
comparison. At first, the ability of gene 4 protein to catalyze
template-directed oligoribonucleotide synthesis was examined
using a short ssDNA template containing the sequence
5�-GGGTC-3�. All hybrid proteins as well as the 56-kDa gene 4
protein fail to synthesize oligoribonucleotide (Fig. 2A). Because
alterations of the ZBD could change specificity of the primase
recognition site, we used M13 ssDNA that should contain all
possible recognition sequences for primer synthesis. Again,
none of the hybrid gene 4 proteins synthesize any oligoribo-
nucleotide on M13 ssDNA (Fig. 2B). The multiple products
observed with wild-type protein reflect the use of minor recog-
nition sites within the M13 DNA sequence (4). Use of radiola-
beled NTPs other than CTP did also not yield any oligoribo-

nucleotides synthesized by the hybrid proteins (data not
shown).
The loss of ability to catalyze the template-directed synthesis

of oligoribonucleotides could result from defective function of
either the ZBD or RPD (10). However, all the hybrid DNA
primases, like the 56-kDa gene 4 protein, catalyze the template-
independent synthesis of random diribonucleotides (supple-
mental Fig. S1). Therefore, the inability to mediate template-
directed oligoribonucleotide synthesis appears to arise from a
defect in the ZBD.
RNA-primed DNA Synthesis—Oligoribonucleotides synthe-

sized by DNA primase are delivered to DNA polymerase to
initiate lagging strand synthesis. This function of the primase
was examined in an RNA-primed DNA synthesis assay under
twodifferent conditions. In the first experiment, amixture of all
four NTPs was supplied as precursors for oligoribonucleotides.
Wild-type gene 4 protein supports DNA synthesis by T7 DNA
polymerase on M13 ssDNA by providing oligoribonucleotides
that serve as primers to initiate DNA synthesis (Fig. 3A). Not
surprisingly, in view of their inability to synthesize template-
directed oligoribonucleotide synthesis, no DNA synthesis was
observed with any of the hybrid gene 4 proteins (Fig. 3A). The
lack of DNA synthesis confirms the absence of oligoribonucle-

TABLE 1
Ability of gene 4 hybrid proteins to complement growth of T7 phage
lacking gene 4
The T7 phage lacking gene 4 (T7�4) was plated on E. coli DH5� containing a
plasmid expressing each of the recombinant genes 4 described in Fig. 1 (H1, H2, H3,
H4 and H5). The plaques were counted and complementation ability of gene 4
protein was expressed as relative plating efficiency normalized against the value
obtained with the wild-type gene 4 protein. Data were from at least duplicate exper-
iments.

Gene 4
protein

Efficiency
of plating

Wild type 1
H1 0.03
H2 2 � 10�7

H3 0.03
H4 0.06
H5 1 � 10�4

FIGURE 2. Template-directed oligoribonucleotide synthesis by hybrid
gene 4 primases. A, gene 4 protein (200 nM) was incubated with 36 �M

15-mer ssDNA containing a primase recognition sequence 5�-GGGTC-3� and
0.1 mM each of ATP and [�-32P]CTP (0.1 �Ci/�l) in a reaction buffer (40 mM

Tris-HCl, pH 7.5, 10 mM DTT, 10 mM MgCl2, and 50 mM potassium glutamate).
After incubation for 30 min at 37 °C, reaction products were separated on a
25% denaturing polyacrylamide gel and detected by autoradiography. Major
reaction products are indicated at the left side of the gel. B, gene 4 protein (200
nM) was incubated with 10 nM M13 ssDNA, 0.1 mM each of all four NTPs, and
[�-32P]CTP (0.1 �Ci/�l) in the buffer as described in A. dTTP was supplied at a
final concentration of 0.5 mM to facilitate translocation of gene 4 protein on
the ssDNA template.
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otides because DNA synthesis would amplify their presence. In
the second experiment, preformed synthetic ACCC was sup-
plied to gene 4 protein to bypass the step of oligoribonucleotide
synthesis. In the absence of gene 4 protein, T7DNApolymerase
is unable to use a tetraribonucleotide as a primer (7, 8). How-
ever, as shown in Fig. 3B, wild-type gene 4 protein supports
DNA synthesis by T7 DNA polymerase proportional to the
amount of ACCC supplied (Fig. 3B). The ability of gene 4 pro-
tein to stabilize and transfer preformed oligoribonucleotides to
the polymerase efficiently is dependent on the correct recogni-
tion sequence (27). Although the 56-kDa protein is much less
efficient than wild-type protein, it can also support DNA syn-
thesis in the presence of ACCC. Most of the hybrid proteins
showed defects more or less similar to the 56-kDa protein
except for two-hybrid proteins containing substitution for H2
(gp4-H2) and H5 (gp4-H5). These proteins support the mini-
mal amount ofDNAsynthesis over the entire range of the oligo-
ribonucleotide examined. These hybrid proteins were not as
good in supporting T7�4 growth in the complementation
assay. Therefore, these data indicate that alterations of the ZBD
in all the hybrid proteins result in loss (or reduction) of the
primase function to deliver oligoribonucleotide to DNA
polymerase.
Wehave previously shown thatmodifications of theZBDcan

lead to loss of the zinc and deformation of the ZBD resulting in
inactive primases (14, 28). Therefore, the inability of the hybrid
primases to recognize a specific sequence for primer synthesis
and to deliver primer to DNA polymerase might arise from
conformational changes that result in loss of the zinc. We
examined the zinc content of the hybrid primases using induc-
tively coupled plasma-mass spectrometry (supplemental Table
S1). Hybrid proteins that retainmarginal activity to deliver pre-
formed primer to DNA polymerase (gp4-H1, gp4-H3, and gp4-
H4) show significantly reduced levels of zinc compared with
wild-type protein. Thus, the loss of zinc explains why these
three hybrid primases deliver preformed oligoribonucleotides
at a reduced level similar to that observed with the 56-kDa
protein lacking the entire ZBD. In contrast, gp4-H2 and gp4-H5

that are unable to deliver preformed oligoribonucleotides to T7
DNA polymerase have normal amounts of zinc. This finding
suggests that the modifications in these hybrid primases do not
completely disrupt conformation of the ZBD, yet they destroy
the ability of theZBD to properly interactwith the template and
RPD.
Activity of Helicase Domain—The helicase domain of gene 4

protein is located in the C-terminal half of the polypeptide. The
helicase domain assembles on ssDNAas a hexamer anduses the
energy derived from the hydrolysis of dTTP to translocate uni-
directionally on the ssDNA. All the hybrid gene 4 proteins cat-
alyze the ssDNA-dependent hydrolysis of dTTP in a concentra-
tion-dependentmanner, confirming that the helicase domain is
not affected by alterations in the ZBD (supplemental Fig. S2).
Construction of Library and Selection of Functional Gene 4

Proteins—The results from the homolog-scanning analysis
described above show that all alterations of the ZBD as small as
five amino acid residues lead to a defect in template-directed
synthesis and delivery of oligoribonucleotide. The complemen-
tation analysis of the hybrid primases and the RNA-primed
DNA synthesis assays indicate that alterations in the H2 seg-
ment spanning Pro-16 to Cys-20 result in the most severe
defect in primase function relative to the other hybrid primases.
The two cysteine residues, Cys-17 andCys-20, in this portion of
the ZBD are involved in coordination of a zinc ion and are
strictly conserved in prokaryotic primases. Most bacteria have
the same amino acid sequence, Cys-Pro-Phe-His, in this seg-
ment, whereas bacteriophages have various residues between
the two cysteines, Cys-Xaa-Xaa-Cys (2). Therefore, this portion
of the ZBD might be one of the most important regions for
primase function, including template-directed oligoribonucle-
otide synthesis and its delivery to DNA polymerase.
To investigate the role of this region in primase function in

more detail, we created a plasmid library that consists of ran-
dom amino acid substitutions at the three variable positions
(residue numbers 16, 18, and 19) by introducingmixed codons.
E. coli cells containing the plasmid library were infected with a
T7 phage lacking a portion of gene 4 coding the first 80 amino
acids of the gene 4 protein (T7�4-1). Homologous recombina-
tion between the plasmid andT7�4-1 generatedT7 phages that
have various amino acid compositions at positions 16, 18, and
19 in gene 4 protein. T7 phages that acquire a functional gene 4
from recombination are viable and can be selectively isolated in
the absence of gene 4 expression from a plasmid. When an
E. coli pool containing the plasmid library (4 � 105 cells) was
infected with T7�4-1 at a multiplicity of infection of 0.05, 42
phage plaques emerged. In a control in which the same number
of bacterial cells containing wild-type gene 4-expressing plas-
mid was used, 100 plaques were observed, reflecting a recom-
bination efficiency of 0.5%. Amino acid sequence analysis of
recombinant phages reveals that 10 of 42 phages encode wild-
type gene 4 protein (Table 2). The other 32 sequences were
aligned based on characteristics of side chain of the residue at
position of 18 because this position appears to play the most
critical role in the function of ZBD as discussed later.
Analysis of Altered Gene 4 Primases Containing Substitution

at Positions 16, 18, and 19—Among the functional gene 4 pro-
teins selected from the homologous recombination described

FIGURE 3. RNA-primed DNA synthesis in the presence of hybrid gene 4
proteins. The ability of gene 4 protein to support DNA synthesis by T7 DNA
polymerase was determined by measuring the incorporation of [�-3H]dGMP
into DNA. A, gene 4 protein (200 nM) was incubated with 10 nM M13 ssDNA, 0.1
mM each of all four NTPs, 0.3 mM each of all four dNTP, [�-3H]dGTP (10 cpm/
pmol), and 10 nM T7 DNA polymerase in a reaction buffer (40 mM Tris-HCl, pH
7.5, 10 mM DTT, 10 mM MgCl2, and 50 mM potassium glutamate). After incu-
bation for 10 min at 37 °C, reaction products were spotted on a DE81 filter,
and incorporation of dGMP was determined by measuring radioactivity
remained on the filter after extensive washing as described under “Experi-
mental Procedures.” B, reaction was similar to A except that the indicated
amount of preformed ACCC was used instead of the four NTPs.
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above, we chose six representative proteins based on the amino
acid at each position and purified them for biochemical analy-
sis. Most of the altered proteins differ from one another by a
single residue to facilitate analysis of the role. We also included
gp4-C20H in which histidine is substituted for cysteine at posi-
tion 20 to examine its effect on primase; most bacterial pri-
mases contain a histidine at this position.
Complementation of T7�4 Growth and Zinc Content—Ex-

amination of their ability to complement growth of T7�4 phage
lacking gene 4 confirms that the altered proteins behave similar
to wild-type protein except for gp4-H2-KHR and gp4-C20H.
gp4-H2-KHRwith Lys, His, and Arg at positions 16, 18, and 19,
respectively, exhibits a 5-fold reduction in the complementa-
tion assay (Table 2). gp4-C20H with histidine replacing cys-
teine at position 20 is �30-fold less efficient than wild-type
protein in the complementation assay. All of the altered pro-
teins have a zinc content equivalent to wild-type protein except
for gp4-C20H, which has essentially no zinc (supplemental
Table S1). Taken together with the phage complementation
data, it appears that histidine cannot replace the cysteine at
position 20 in the T7 primase. This finding is relevant to the
defect observed with the hybrid primase gp4-H2.
Oligoribonucleotide Synthesis Activity—Because the altered

primases were selected from a positive screening for functional
gene 4 proteins, they must have at least a minimal primase
activity. The ability of the primases to synthesize oligoribo-

nucleotides was examined using a 60-mer ssDNA containing a
primase recognition site (5�-TGGTC-3�). As expected, all the
altered primases catalyze the synthesis of ACCA (Fig. 4A).
However, when oligoribonucleotide synthesis ismeasured in an
assay with varying amounts of template, some proteins were
observed to synthesize oligoribonucleotides more efficiently
than does the wild-type protein. For example, gp4-H2-KHR,
RSG, and SSG have apparent binding constants 10–30-fold
lower than the wild-type (Fig. 4, B and C). The other proteins
exhibit similar or slightly higher values than wild-type protein.
A comparison of the amino acid sequence of the altered pro-
teins reveals an approximate correlation between the net
charge of the residues in this segment and the binding constant.
The more positively charged residues present in the segment,
the better binding to the ssDNA template and themore oligori-
bonucleotides produced at low concentrations of template. For
example, gp4-H2-KHR containing the most basic residues has
the highest DNA binding affinity, whereas gp4-H2-ENE con-
taining the most acidic residues shows the lowest affinity
(Fig. 4C).
Sequence Recognition—To determine whether alterations in

the H2 segment lead to any modification in sequence-specific
recognition, we carried out oligoribonucleotide synthesis using
M13 ssDNA as examined earlier for the hybrid primases (Fig.
5). No significant difference in sequence recognition by any of

TABLE 2
Gene 4 primases selected from the functional recombinant phage library and their properties

Property at position 18
Position (wild-type) Occurrence

(42 in total)
Selected for
analysis

T7�4 plating
efficiencyaPro-16 Cys-17 Asp-18 Asn-19 Cys-20

Negatively charged
Asp Pro Asp Asn 10 WT 1

Gln Asp Val 1
Ala Asp Gly 1
Arg Asp Gly 1
Ser Asp Gly 1 H2-SDG 1.66
Thr Asp Met 1

Glu Lys Glu Arg 1 H2-KER 1.42
Lys Glu Trp 1
Gly Glu Asp 1
Ser Glu Ile 1
Thr Glu Gly 1

Polar/no charge
Asn Glu Asn Glu 1 H2-ENE 1

Lys Asn Gly 1
Gln Gly Gln Thr 1

Gly Gln Glu 1
Ser Ser Ser Gly 1 H2-SSG 0.83

Arg Ser Gly 1 H2-RSG 1.25
Ser Ser Trp 1
Ser Ser Asp 1

Thr Lys Thr Glu 1
Asn Thr Gly 1

Aliphatic
Gly Asn Gly His 1

Asn Gly Val 1
Gly Gly Cys 1

Ala His Ala Gly 2
V Glu Val Asn 1
L Lys Leu Ser 1
Met Lys Met Ser 1

Gly Met Asn 1
Positively charged
His Lys His Arg 2 H2-KHR 0.18

Glu His Asp 1
His C20H 0.03

a The relative efficiency of plating was normalized against the value obtained with the wild-type gene 4 protein.

Zinc-binding Domain of T7 DNA Primase

NOVEMBER 9, 2012 • VOLUME 287 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 39035

http://www.jbc.org/cgi/content/full/M112.414151/DC1
http://www.jbc.org/cgi/content/full/M112.414151/DC1


the altered primases was found as compared with the wild-type
primase.
Interaction with Long DNA Templates—In the above experi-

ments, a trend was observed in the amount of oligoribonucle-
otides synthesized by the altered proteins. Altered primases
that show better binding to the short DNA template compared
with wild-type primase (Fig. 4) synthesize less oligoribonucle-
otides on the longer M13 template. One might expect the
alteredprimasewithbetterDNAbindingtoproducemoreoligo-
ribonucleotides on theM13 ssDNA. However, unlike synthesis
on short templates, oligoribonucleotide synthesis on the long
M13 DNA requires translocation of gene 4 protein by the heli-
case domain in search of primase recognition sites. Tight bind-
ing on a primase recognition site might prevent the protein
from translocating to another primase recognition site, result-
ing in less oligoribonucleotides being synthesized. This conten-
tion is consistentwith reduced activity of the altered proteins to

support RNA-primed DNA synthesis in which translocation
activity is also necessary to search for primase recognition sites
(supplemental Fig. S3). However, these altered proteins do not
show any significant difference in helicase activity as judged by
dTTP hydrolysis and unwinding of a mini-replication fork in
the absence of primer synthesis (supplemental Fig. S4). There-
fore, the decreased oligoribonucleotide synthesis on long DNA
templates by the altered proteins consistently suggests tight
DNA binding through alteration in the ZBD.
DNABinding of PrimaseDomain—Binding of the gene 4 pro-

tein to DNA is predominantly dictated by the helicase domain
(29). To confirm that the enhancedDNAbinding observedwith
the altered proteins comes from alteration in the primase, we
introduced the same alterations in the ZBD into a primase frag-
ment containing the primase domain but lacking the helicase
domain of the gene 4 protein. This truncated protein contains
only the primase domain and thus eliminates any influence
from the helicase domain. Both primase concentration-depen-
dent and template concentration-dependent oligoribonucle-
otide synthesis assays show that the primase fragment contain-
ing the substitution of KHR (primase-H2-KHR) catalyzes the
synthesis of oligoribonucleotidesmore efficiently than does the
wild-type primase fragment (Fig. 6). Similar to the activity
observed with the full-length proteins, the primase fragment
containing the substitution of ENE (primase-H2-ENE) pro-
duces fewer oligoribonucleotides than does the wild-type pri-
mase fragment. The results confirm that alterations in template
binding seen with full-length proteins result from changes
within the primase domain.
In the above experiments, the activity of the primases is

inferred to be a result of the binding of the primase to its rec-
ognition sequence, and the affinity for the primases was calcu-
lated based on the kinetic results. DNA binding affinity of the
primases was also examined directly using surface plasmon res-
onance (Fig. 7). In this assay, a 25-mer ssDNA template either
containing (5�-TGGTC-3�) or lacking (5�-TGGTG-3�) a pri-
mase recognition site was immobilized on a chip through bio-
tin-streptavidin interaction, and the primase was flowed over
the chip (25). The sequence 5�-TGGTG-3� lacks the essential
cryptic cytosine; the cytosine is replaced with guanosine. As
reported previously (25), the wild-type primase binds to a tem-

FIGURE 4. Oligoribonucleotide synthesis by gene 4 primases selected from functional recombinant phage library. A, gel analysis of oligoribonucleotides
synthesized on a 60-mer template. The experiment is similar to the one described in Fig. 2. Gene 4 protein (200 nM) was incubated with 10 �M 60-mer ssDNA
containing a primase recognition sequence 5�-TGGTC-3� in the presence of ATP and [�-32P]CTP. Major reaction products are indicated at the left side of the gel.
B, template-directed synthesis of oligoribonucleotides. Reactions similar to A were carried out using various concentrations of the template. The amounts of
[�-32P]CMP (0.1 �Ci/�l) incorporated into the major product, pppACCA, were determined by phosphorimager analysis after denaturing gel electrophoresis,
and the values were plotted against template concentration. C, apparent binding of gene 4 protein to the 60-mer template was calculated from the data
obtained in B. Vmax and KDNA values were calculated by the nonlinear regression method.

FIGURE 5. Oligoribonucleotide synthesis on M13 ssDNA by gene 4 pri-
mases selected from functional recombinant phage library. A, gel analysis
of oligoribonucleotide synthesis. Gene 4 protein (200 nM) was incubated with
10 nM M13 ssDNA, 0.1 mM each of all four NTPs, and [�-32P]CTP (0.1 �Ci/�l) as
described in Fig. 2. dTTP was supplied at a final concentration of 0.5 mM. Major
products, pppACCC and pppACAC, are indicated at the left side of the gel.
B, quantitative analysis of the major products (pppACCA and pppACAC) by
gene 4 proteins. Amount of CMP incorporated into pppACCA and pppACAC
by the indicated protein was determined by phosphorimager analysis after
denaturing gel electrophoresis.
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plate containing a primase recognition site slightly better than a
template lacking the recognition sequence in the absence of
NTP, although the binding to either is minimal. However,
sequence-specific recognition of a template containing the pri-
mase recognition site is observed in the presence of ATP and
CTP that are required for oligoribonucleotide synthesis (Fig.
7A). The primase fragment containing the alteration of KHR
differs in two respects to wild-type primase fragment (Fig. 7B).
First, primase-H2-KHR exhibits significantly increased binding
to the template containing the recognition sequence (about 700
response units) even in the absence ATP and CTP. Second, the
binding is less dependent on the presence of the recognition
sequence. The altered primase binds almost equally to tem-
plates that either contain or lack the recognition sequence.
Regardless of the sequence in the template, the presence ofATP
and CTP further enhances binding. In contrast, primase-H2-
ENEdoes not bind to ssDNA in a sequence-dependentmanner,
and its binding is not affected by the presence of ATP and CTP
(Fig. 7C). Despite the nonspecific binding to the template lack-

ing a primase recognition sequence, no primer synthesis by the
altered proteins was observed without a primase recognition
sequence (data not shown).

DISCUSSION

Zinc-binding motifs play diverse roles in biological events
from gene regulation to protein folding (30). Many zinc-bind-
ing motifs fulfill their functions through binding to specific
sequences of DNA. Most DNA primases contain zinc-binding
motifs. A small catalytic subunit of the two-component pri-
mases in archaea and eukaryotes contains a zinc knuckle con-
sisting of Cys-His-Cys2 or Cys2-His2 (31). Despite structural
information from several primases, the precise role of the zinc-
bindingmotifs in primer synthesis remains unclear (32). Differ-
ent from the primases in archaea and eukaryotes, primases
encoded by bacteria and bacteriophages catalyze the template-
directed synthesis of oligoribonucleotides from specific
sequences in the DNA. Their modular structures reveal a ZBD
composed of Cys-His-Cys2 or Cys4 separated from the RPD (6,

FIGURE 6. Oligoribonucleotide synthesis activity of altered primase fragments lacking the helicase domain. A, oligoribonucleotide synthesis as a
function of primase concentration. The indicated amounts of wild-type, primase-H2-KHR, and primase-H2-ENE were incubated with 0.5 �M 25-mer ssDNA
containing a primase recognition sequence 5�-TGGTC-3� in the presence of ATP and [�-32P]CTP as described in Fig. 2. The amount of CMP incorporated into the
major product pppACCA was quantitated and plotted against the primase concentration. The inset shows oligoribonucleotide synthesis at low primase
concentrations. B, oligoribonucleotide synthesis as a function of template concentration. Oligoribonucleotide synthesis catalyzed by wild-type, primase-H2-
KHR, and primase-H2-ENE (0.5 �M) was measured with various concentrations of the 25-mer template containing a primase recognition sequence 5�-TGGTC-3�
along with ATP and [�-32P]CTP as described in Fig. 4.

FIGURE 7. DNA binding of wild-type primase fragment, primase-H2-KHR, and primase-H2-ENE determined by surface plasmon resonance. An equal
amount (1000 response units (RU)) of a 25-mer ssDNA either containing (5�-TGGTC-3�) or lacking (5�-TGGTG-3�) a primase recognition sequence was immo-
bilized on a streptavidin-coated BIAcore sensor chip through the 5�-biotinylated end. T7 primase (10 �M) was flowed over the chip in the presence or absence
of 250 �M each of ATP and CTP in a binding buffer (10 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM DTT, and 50 mM potassium glutamate), and the binding to DNA
was monitored. Sensograms represent the binding of T7 primase to ssDNA containing the primase recognition sequence in the presence (red) or absence (pink)
of the NTPs and the binding to ssDNA lacking the sequence in the presence (blue) or absence (green) of the NTPs.
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33). Because the RPD alone exhibits a catalytic activity inde-
pendent of template sequence, it has been speculated that the
ZBD of the primase is responsible for the sequence-specific
recognition of the template (13). Interestingly, each of the pro-
karyotic primases that share overall structural similarity recog-
nizes distinct sequences in the template. In this report, we have
investigated the molecular basis of template recognition by
modifying the ZBD of T7 DNA primase through homolog-
scanning mutagenesis.
Role of Zinc-binding Domain in Sequence Recognition—Most

substitutions (H1, H3, andH4) examined in the homolog-scan-
ning analysis result in loss of the zinc and thus disrupt the integ-
rity of the ZBD. These DNA primases in which the ZBD has
been distorted behave similar to the 56-kDa gene 4 protein
lacking the entire ZBD. It appears that the ZBD has a unique
conformation that is stabilized through elaborate interactions
of the residues, particularly those that retain the zinc. A similar
disruption of the ZBD was previously observed by the single
amino acid replacement of His-33 with alanine (28). However,
replacement of a region coordinating the zinc ionwith a homol-
ogous region (H2 and H5) does not result in loss of the metal
ion. This observation suggests that this portion of the primase
has evolved to maintain the metal and thus structural integrity
of ZBD. However, maintaining the zinc ion is not sufficient for
sequence recognition by the primase. Altered proteins contain-
ing these substitutions fail to catalyze template-directed syn-
thesis of oligoribonucleotides or to deliver preformed oligori-
bonucleotides toDNApolymerase. These results indicate that a
suitable conformation of the ZBD is required for interactions
with the DNA template and RPD for proper function.
Data from a previous structural study along with data from

an alanine-scanning mutagenesis enabled the identification of
residues critical for primase function on one face of the ZBD
(34). This face of the ZBD might interact with RPD directly or
through template DNA. However, no structural change from
Asp-31 and His-33 upon the addition of DNA was detected.
These residues were previously shown to be critical for
sequence specificity, suggesting that more than a single residue
in the ZBD determines the specificity (15, 34).
Requirement of AminoAcidResidue in theH2Region forDNA

Binding—The small number of recombinant phages arising
from the screen for functional gene 4 limits our interpretation
for amino acid requirement in the H2 region of the ZBD of T7
primase. Nonetheless, a direct comparison of the altered pro-
teins does provide insight into preference at specific positions.
For example, gp4-H2-SSG containing serine at position 18
(underlined) exhibits higher binding to DNA than does gp4-
H2-SDGharboring aspartic acid at the sameposition. Similarly,
a comparison of kinetic parameters between gp4-H2-KHR and
gp4-H2-KER indicates positively charged histidine is better
than negatively charged glutamic acid for template binding.
The equivalent activity of gp4-H2-SDG and wild-type primase,
both of which contain the same aspartic acid at this position,
implicates this position as an important factor in DNA binding.
Therefore, a trend emerges where a positively charged residue
at position 18 leads to better binding with DNA.
In contrast, the residue at position 16 (underlined) does not

make a significant difference in DNA binding as observed with

gp4-H2-SSG and gp4-H2-RSG. The preference for a positively
charged residue at position 18 can be further extended to the
overall charge arising from residues at positions 16, 18, and 19
in the H2 region. Alignment of primases reveals a positive cor-
relation between the number of positively charged residues in
this region and DNA binding affinity. gp4-H2-KHR with posi-
tively charged residues at the three positions exhibits much
higherDNAbinding affinity than does gp4-H2-ENE containing
the mostly negatively charged residues. Although structural
analysis of the primase-template interaction will ultimately
resolve the precise contacts necessary for DNA binding, it is
tempting to propose that this region of ZBD is in proximity to
the template as augmented in gp4-H2-KHR. The same pattern
of oligoribonucleotide synthesis by proteins with alterations in
this region also suggests that this region is not responsible for
recognition of specific sequences in the template. Although we
observed predominantly changes in the charged (47%) and ali-
phatic (50%) residues at positions 16 and 19, respectively, no
significant tendency was found, implying that it could be biased
by the small number of phages in the library.
Single substitution of histidine for cysteine at position 20, a

distinctive difference in the ZBDs of bacteria and bacterio-
phages, results in the loss of the zinc in the T7 primase. This
result is surprising because histidine was anticipated to coordi-
nate themetal ion within a flexible loop as in the bacterial ZBD.
The incompatibility of histidine suggests that the architecture
of the T7 ZBD restricts the position for cysteine.
Implication on Interactions between ZBD and RPD—Several

lines of data indicate that the altered ZBDs interact with the
RPD in a manner different from that observed with the wild-
type ZBD. First, both primase-H2-KHR and primase-H2-ENE
do not bind toDNA in a sequence-specificmanner asmeasured
by surface plasmon resonance. Because neither theZBDnor the
RPD alone can support DNA binding (25), the changes in DNA
binding must result from interactions between the ZBD and
RPD. Second, the requirement for ATP and CTP binding in
RPD for efficient binding is altered by changes in segmentH2 of
the ZBD. The binding of primase-H2-KHR to its recognition
sequence is enhanced by the presence of ATP and CTP, but
primase-H2-ENE is not. Third, the ZBD containing H2-KHR
alone does not form a stable structure. Analysis of ZBD-H2-
KHR by circular dichroism spectroscopy reveals a disordered
conformation as indicated by the disappearance of characteris-
tic peaks shown in the wild-type, and the altered ZBD forms a
dimer in solution (supplemental Fig. S5). Indeed, no zinc was
detected by inductively coupled plasma-mass spectrometry.
The absence of zinc raises the possibility that ZBD-H2-KHR
alone is not stable due to the lack of critical contacts with the
RPD. These data suggest that changes in DNA binding by alter-
ations in the ZBD are mediated through interactions with the
RPD.
Thus, it seems that a more likely approach to change

sequence specificity would be the introduction of amino acid
changes in the RPD as well as the ZBD. A comparison of several
bacterial primases whose template specificities were recently
identified supports this argument. G. stearothermophilus pri-
mases and the primase of Staphylococcus aureus synthesize
primers from 5�-(C/T)TA-3�, whereas the primase of Aquifex

Zinc-binding Domain of T7 DNA Primase

39038 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 46 • NOVEMBER 9, 2012

http://www.jbc.org/cgi/content/full/M112.414151/DC1


aeolicus recognizes 5�-CCC-3� (18, 19, 22). Amino acid
sequence alignment of the three primases shows their ZBDs to
be more conserved than the RPDs. In particular, regions coor-
dinating the zinc ion (Cys-Pro-Phe-His and Cys-Phe-Gly-Cys)
are identical for all three primases. Residues common in G.
stearothermophilus and S. aureus primases but not in A. aeoli-
cus primase are more abundant in the RPD than in the ZBD,
implying a significant contribution of the RPD to sequence
recognition.
Coordination between Primase and Helicase for DNA Bind-

ing—One of the gene 4 proteins containing an alteration in the
ZBD, gp4-H2-KHR, exhibits about 30-fold higher sequence-
specific DNA binding affinity than the wild-type primase as
inferred from oligoribonucleotide synthesis on a short tem-
plate. However, this tight association with ssDNA through the
primase domain of the altered protein inhibits translocation
activity of the helicase. As a result, oligoribonucleotide synthe-
sis on long templates is impaired resulting in a reduced ability of
the altered gene 4 protein to complement T7�4 lacking gene 4.
This finding suggests that both primase and helicase activity
must be coordinated, particularly in the gene 4 protein inwhich
the two domains coexist. This altered gene 4 protein was also
less efficient than wild-type protein in strand-displacement
DNA synthesis and in a reconstituted replisome where leading
and lagging strand synthesis are coordinated (data not shown).
The architecture of theZBD inDNAprimase ensuresmoderate
template binding for synthesis of oligoribonucleotides aswell as
for their transfer toDNApolymerase for use as primerswithout
interfering with helicase movement.
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