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DNApolymerase andDNAhelicase are essential components
of DNA replication. The helicase unwinds duplex DNA to pro-
vide single-stranded templates for DNA synthesis by the DNA
polymerase. In bacteriophage T7, movement of either the DNA
helicase or theDNApolymerase alone terminates upon encoun-
tering a nick in duplex DNA. Using a minicircular DNA, we
show that the helicase�polymerase complex can bypass a nick,
albeit at reduced efficiency of 7%, on the non-template strand to
continue rolling circle DNA synthesis. A gap in the non-tem-
plate strand cannot be bypassed. The efficiency of bypass syn-
thesis depends on theDNA sequence downstream of the nick. A
nick on the template strand cannot be bypassed. Addition of T7
single-stranded DNA-binding protein to the complex stimu-
lates nick bypass 2-fold.We propose that the association of heli-
case with the polymerase prevents dissociation of the helicase
upon encountering a nick, allowing the helicase to continue
unwinding of the duplex downstream of the nick.

The efficient and precise replication of DNA genomes relies
on the interplay of the multiple proteins constituting the repli-
some. The interaction of the replicative helicase with the DNA
polymerase is one of the most critical among the several pro-
tein-protein interactions within the replisome. Replicative
DNA polymerases catalyze a nucleophilic attack of the 3�-hy-
droxyl of the primer on the �-phosphate of a dNTP aligned to
the single-stranded template. With few exceptions, the single-
stranded template arises fromunwinding of theDNAduplex by
DNA helicase at the expense of NTP hydrolysis (1).
Synergy between the helicase and polymerase has been

observed in a variety of replication systems, including Esche-
richia coli, bacteriophage T4- and T7-infected cells, and mito-
chondria (2–9). In general, association of the two proteins
occurs directly or through auxiliary proteins. The association of
helicase with polymerase enhances the processivity of poly-
merase and the unwinding rate of helicase significantly, sug-
gesting that either protein in the complex can be reciprocally
regulated (1–10).
Bacteriophage T7 has evolved an efficient mechanism for

DNA replication. Only four proteins, the T7 gene 5 DNA
polymerase (gp5),2 gene 4 helicase-primase (gp4), gene 2.5
ssDNA-binding protein (gp2.5) and E. coli thioredoxin (trx),

the processivity factor, are needed to reconstitute a functional
replisome (11). In the T7 replication system the helicase and
primase occupy distinct domains within the C- andN-terminal
halves, respectively, of gp4. This direct association, without aid
of accessory proteins, provides a model to study the interaction
and synergy between these key components inDNA replication
(1). gp5 has both polymerase and 3�35� exonuclease activities.
gp5 by itself is a non-processive polymerase, catalyzing the
incorporation of �50 nucleotides per binding event (12). In
phage-infected cells gp5 is found in a tight one-to-one complex
(gp5�trx) with its processivity factor, E. coli trx. This association
increases the processivity to several hundred nucleotides per
binding event (8, 12, 13).
The helicase activity of phage T7 is located in the C-terminal

half of gp4. gp4 assembles as a hexamer and uses the energy of
hydrolysis of dTTP to translocate unidirectionally 5�33� on
ssDNA and to unwind duplex DNA (14, 15). Gene 4 encodes
two co-linear 63- and 56-kDa proteins (16). The full-length
63-kDa gp4, having both the C-terminal helicase domain and
the N-terminal primase domain, has both helicase and primase
activity. The 56-kDa gp4 is translated from an internal ribo-
some-binding site and lacks the N-terminal Cys4 zinc-binding
domain indispensable for primer synthesis (17). Despite being
deficient in primer synthesis, the 56-kDa gp4 retains the ability
to transfer the primer to the polymerase (18). Oligomerization
of gp4 involves N-terminal residues within the helicase and the
linker connecting the primase and helicase (19–21). Conse-
quently, the 56-kDa gp4 forms hexamers, a requirement for
helicase activity, because the ssDNA, upon which the helicase
translocates, passes through the central core of the hexamer
(22). Because both the 56-kDa gp4 and 63-kDa gp4 have the
same helicase domain and robust DNA-unwinding activity,
both proteins support strand-displacement DNA synthesis
mediated by T7 DNA polymerase (23–25).
T7 helicase has at least threemodes for binding to the gp5�trx

complex. One mode involves an interaction between the acidic
C-terminal tail of gp4 and a basic patch on gp5 located near the
regionwhere the template strand exits the active site. This elec-
trostatic interaction is essential to establish the initial helicase-
polymerase interaction at the replication fork (26). A second
electrostatic mode involves an interaction between the acidic
C-terminal tail of gp4 and two basic loops in the thioredoxin-
binding domain of gp5 (27). A tighter binding mode between
helicase and polymerase occurs when gp5�trx is bound to a
DNA in a polymerization mode (27). The structural basis for
this tight binding during DNA synthesis is not known. These
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interactions not only provide gp5�trx immediate access to the
single-stranded template generated by helicase, but also
increase the processivity of polymerase from several hundred
bases to �17 kb as determined by single molecule experiments
(28). The helicase also benefits from these interactions. A
10-fold increase in the rate of unwinding is observed when
DNA synthesis accompanies helicase unwinding (9).
During genome replication, replication forks often encoun-

ter DNA damage such as lesions or strand interruptions that, if
not removed by specific repair mechanisms, can inactivate the
replisome (29–31). Single phosphodiester bond interruptions
(nicks) are likely to be the most frequent DNA damage a repli-
somewill encounter. They can be introduced by endonucleases,
recombination events, and the discontinuous nature of lagging-
strand synthesis that leaves nicks between Okazaki fragments
(32). In addition, the repair of other types of DNA damage, for
example the excision repair of thymine dimers, also produces
nicks (33). If not removed by DNA ligase, a nick poses a chal-
lenge to the replisome, especially the helicase, because most
helicases require a fork structure for their unwinding activity. A
nick will terminate the replication fork and abort helicase func-
tion (29, 32).
In the current study we have examined the ability of T7

gp5�trx and 56-kDa gp4 to replicate duplex DNA containing
either nicks or gaps at various positions within the two strands.
We have used the 56-kDa gp4, because it is even more efficient
in mediating strand-displacement synthesis, and it is devoid of
primase activity. We have used a minicircular DNA consisting
of 70 bp of duplex DNA and a single-stranded 5�-tail (33). This
chemically synthesized minicircle thus has a preformed fork
onto which the proteins can assemble. The small size of the
minicircle allows for the determination of the stoichiometry
of the components. We show that a T7 helicase�polymerase
complex can bypass a nick on the non-template strand,
another advantage derived from the T7 helicase-polymerase
interaction.

EXPERIMENTAL PROCEDURES

Materials—Oligonucleotides were obtained from Integrated
DNA Technology. T4 polynucleotide kinase, T4 DNA ligase,
terminal transferase, and dNTPs were purchased from New
England Biolabs. Radiolabeled nucleotides were purchased
from PerkinElmer.
Preparation of DNA Substrates and Proteins—Oligonucleo-

tides were purified using a denaturing gel before use. DNA
sequenceswere derived fromaminicircular substrate described
previously (33) (Fig. 1). A 70-nt circular template strand DNA
(Fig. 1) was prepared as described previously (33). Radioactive
labeling of DNA at the 5�-end was performed using T4 polynu-
cleotide kinase and [�-32P]ATP. Minicircular DNAs were con-
structed by annealing the non-template strand (NTS) DNA
fragments to the circular template strand (TS) (Fig. 1) followed
by purification of all minicircular DNAs on a non-denaturing
gel. Substrate NMC1 with a nick on the template strand was
constructed by annealing the 110-nt NTS to the 70-nt linear TS
(5�-pCACTTC…TCACCT (Fig. 1)). Nicks on the non-template
strand were introduced by annealing two fragments of the des-
ignated 5�-phosphorylatedNTS to the circular TS (Fig. 1). DNA

with a 1-nt gap on the non-template strand (NMC4) was cre-
ated by annealing two fragments of NTS (1–77 and 80–110) to
the circular template, then a ddTMP was incorporated at the
position of the 78th nucleotide in the non-template strand (Fig.
1) using terminal transferase. The resulting gap at position 79
cannot be filled by T7 DNA polymerase, because it cannot ini-
tiate synthesis from the dideoxy-terminated fragment. gp5�trx,
56-kDa gp4, and gp2.5 were purified as described previously
(11, 24, 34).
Strand-displacement DNA Synthesis—The reaction (10 �l)

contained 40mMTris-HCl, pH 7.5, 10mMDTT, 10mMMgCl2,
50 mM potassium glutamate, 0.6 mM dNTP, and 20 nM of the
indicated DNA. The reaction was initiated by adding 50 nM
gp5�trx or 50 nM each of gp5�trx and helicase. After incubation
for 10min at 37 °C, the reactionmixture was loaded onto either
a 10% non-denaturing or denaturing polyacrylamide gel, and
the DNA products were separated by electrophoresis. After the
gel was dried, radioactivity from the individual DNA bands was
measured using a Fuji BAS 1000 Bioimaging analyzer.

RESULTS

Strand-displacement DNA Synthesis by T7 DNA Polymerase
andHelicase on aMinicircle—Aminicircular DNA, depicted in
Fig. 1, offers several advantages for examining leading strand
DNA synthesis (33). In the minicircle the 5�-tail of the non-
template strand provides a loading site for T7 helicase, whereas
the 3�-end serves as a primer for gp5�trx to initiate synthesis.
The absence of a 3� terminus on the template strand eliminates
hydrolysis of this strand by the exonuclease activity of T7
DNA polymerase. The helicase�polymerase complex mediates
strand-displacement DNA synthesis by a rolling circle mecha-
nism, producing DNA products longer than 17 kb (33) (Fig. 1).
In the experiment shown in Fig. 2AT7DNA polymerase and

DNA helicase mediate strand-displacement synthesis on the
minicircle depicted in Fig. 1. In order to monitor synthesis the
5� terminus of the non-template strand is labeled with 32P.
Extensive rolling circle DNA synthesis occurs to yield products
that exceed the resolving capacity of the gel (Fig. 2, B and C).
The products synthesized by gp5�trx in the absence and pres-
ence of gp4 were analyzed by electrophoresis through non-de-
naturing (Fig. 2B) and denaturing (Fig. 2C) gels. Interestingly,
gp5�trx, in the absence ofDNAhelicase, displays limited strand-
displacement DNA synthesis (Fig. 2B). However, the reaction is
aborted after an extension of the strandby�90nt as revealed by
the denaturing gel (Fig. 2C). On anotherminicircle construct of
similar length, but containing an A/T-rich sequence, the
polymerase extended the strand �40 nt (data not shown). The
limited strand-displacement DNA synthesis catalyzed by
the polymerase alone is most likely affected by the structural
features of the different DNAs (see “Discussion”). In the pres-
ence of T7 DNA helicase, gp5�trx mediated extensive strand-
displacement synthesis to produce molecules whose length
exceeded the resolving capacity of the gel (�10 kb).
T7 Helicase/Polymerase Cannot Bypass a Nick on the Tem-

plate Strand—One advantage of using the minicircle is that
it has the ability tomodify either of the two strands by chemical
synthesis of the appropriate oligonucleotides; then the
minicircle is assembled by annealing the designed DNA frag-
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ments. We have introduced nicks into each of the two strands
and examined their affect on strand-displacement synthesis
mediated by the helicase�polymerase complex.Anick inDNA is
defined as a single phosphodiester bond interruption, and in
our experiments they contain a 5�-phosphoryl and a 3�-hy-

droxyl end group. We first introduced a nick into the template
strand (position is indicated by an arrow in Fig. 1). Product
formationwasmonitored as in Fig. 2 by labeling the 5� terminus
of the non-template strand with 32P. The helicase�polymerase
complex did notmediate extensive rolling circleDNA synthesis

FIGURE 1. Minicircular DNA. The minicircular DNA contains a 110-nt non-template strand and a circular 70-nt template strand. The positions of the nicks are
indicated by black arrows. The position of the gap is indicated by a white arrow. The inset shows the scheme of the assembly of the T7 helicase/DNA polymerase
complex and the subsequent strand-displacement synthesis. NMC, nicked minicircle.

FIGURE 2. Strand-displacement DNA synthesis by T7 helicase�polymerase on minicircular DNA. A, time course of strand-displacement DNA synthesis
mediated by T7 helicase�polymerase. Reaction containing [3H]dGTP (10 cpm/pmol) was stopped by adding EDTA to a final concentration of 20 mM at the
indicated time points, and incorporation of [3H]dGMP into DNA was measured. B and C, gel analysis of time course of strand-displacement DNA synthesis by
T7 polymerase or polymerase/helicase complex. Reactions were the same as in A except that the 5� terminus of the non-template strand was labeled with 32P.
Products were separated on a non-denaturing (B) or denaturing (C) 10% TBE (89 mM Tris, 89 mM boric acid, 2 mM EDTA (pH 8.0)) polyacrylamide gel.
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on this minicircle containing a nick (Fig. 3, lane 7) as it did with
the intact minicircle (Fig. 3, lane 4), indicating that the nick
aborts synthesis. Extensive synthesis is indicated by the slow
migrating species near the top of the non-denaturing gel.
Instead, most of the DNA was converted into linear dsDNA of
�150 bp (Fig. 3, lane 7) resulting from strand-displacement
DNA synthesis that aborted at the nick. Indeed, a 5�-radiola-
beled dsDNA marker of 150 bp has a mobility identical to the
product of aborted synthesis (Fig. 3, lane 8). The limited strand-
displacement synthesis seen with gp5�trx alone (Fig. 3, lane 3)
was not observed in the presence of a nick in the template
strand (Fig. 3, lane 6). A minor band marked by a gray arrow in
Fig. 3 is most likely a mobility-shift band resulting from pro-
tein-DNA interactions. This minor band is observed on a non-
denaturing gel (Fig. 2B) but not a denaturing gel (Fig. 2C). This
minor band disappears after phenol extraction of the samples
(data not shown). Analysis of the product on a denaturing gel
confirmed that there is no extension of NMC1 by the polymer-
ase alone (Fig. 3, lane 10). The analysis also revealed the nature
of the abortive product mediated by the helicase�polymerase
complex (Fig. 3, lane 11).

T7 Helicase/Polymerase Can Bypass a Nick on the Non-tem-
plate Strand—A nick was also introduced into the non-tem-
plate strand by annealing twooligonucleotides (a 5�-32P-labeled
31-mer and a 79-mer) to the circular template strand as shown
in Fig. 4A, resulting in the 5�-P at the nick labeled with 32P
(NMC2). In the absence of helicase, T7 gp5�trx extends the
31-mer by strand-displacement DNA synthesis of the 79-mer
NTS fragment. Displacement of the 79-mer from the circular
template strand results in a nicked minicircle (Fig. 4A, lane 3).
This reaction is significantly enhanced by the presence of
helicase (Fig. 4A, lane 4). As anticipated, nearly all DNA
synthesis is aborted at the nick, because T7 gp5�trx cannot
initiate synthesis at a nick and helicase cannot load onto
DNA at a nick (35, 36). However, a small amount of high
molecular weight DNA was observed (Fig. 4A, lane 4), indi-
cating that the helicase�polymerase complex bypasses some
nicks.
To confirm that the nick bypass requires complex formation

between T7 polymerase and helicase, another DNA construct
(NMC3), lacking the 79-mer fragment, was prepared (Fig. 4A).
T7 gp5�trx initiates synthesis at the 3� terminus of the annealed

FIGURE 3. Effect of a nick in the template strand on strand-displacement synthesis. Intact minicircular DNA (lanes 2– 4) or minicircular DNA containing a
nick in the template strand (lanes 5–7) were examined for their ability to support rolling circle DNA synthesis mediated by gp5�trx and helicase. Each DNA was
labeled with 32P at the 5� terminus of the non-template strand. Lane 1 contains minicircular DNA only, and lane 8 is a 5�-radiolabeled dsDNA marker of 150 bp.
A gray arrow signifies the band probably resulting from a protein�DNA complex. Lanes 9 –11 represent analyses of samples shown in lanes 5–7 on a 10% TBE
denaturing gel containing 7 M urea.
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fragment to produce a nicked minicircle (Fig. 4A, lane 6). The
presence of helicase in the reaction did not allow gp5�trx to
bypass the nick (Fig. 4A, lane 7). This result shows that T7
gp5�trx cannot bypass a nick unless it is in complex with the
helicase; the presence of helicase in solution does not fulfill this
function. The existence of the 79-mer NTS in NMC2 serves as
a track for helicase and polymerase to function together in their
leading-strand DNA synthesis mode before encountering the
nick. To confirm that the high molecular weight band consists
of extended DNA and is not a consequence of protein-DNA
interactions, reaction products were also separated on a dena-
turing gel (Fig. 4A, lanes 9–11). The results are consistent with
those obtained on the non-denaturing gel. The nick bypass effi-
ciency as defined by the percentage of high molecular weight
DNA (top band) out of total products (high molecular weight

DNA plus aborted product (lower band)) was 6.7% as deter-
mined from lane 4 in Fig. 4A.

To further confirm the origin of the long extended product
and the efficiency of nick bypass, the time course of DNA syn-
thesis by T7 helicase�polymerase on minicircles containing a
nick was examined. In addition to the nicked circle (NMC2)
described abovewhere the 32P label is located at the nickwe also
examined the same minicircular nicked DNA with the label at
the 5� terminus of the displaced tail of the non-template strand
(NMC2� depicted in Fig. 4B). Again a small amount of 32P-
labeled high molecular weight product was observed when the
label was present at the nick, but none was observed when
the label was present at the 5�-end of the single-stranded tail
(Fig. 4B). These result show that no high molecular weight
DNA arose from synthesis initiating at the 3� terminus of the

FIGURE 4. T7 helicase�polymerase can bypass a nick located on the non-template strand. A, minicircular DNA with a nick in the non-template strand
designated NMC2 (lanes 2– 4) or the same minicircular DNA missing the non-template strand upstream of the nick designated NMC3 (lanes 5–7) were examined
for their ability to support rolling circle DNA synthesis mediated by T7 DNA polymerase and helicase. The NMC2 and NMC3 DNA constructs are depicted. The
5�-phosphate at each nick was labeled with 32P. Lane 1 shows the position of the intact minicircle and the fully extended DNA product, and lane 8 is a
radiolabeled fully double-stranded minicircle DNA with a nick in the non-template strand. Lanes 9 –11 represent analyses of samples shown in lanes 2, 4, and 7
on a 10% TBE denaturing gel containing 7 M urea. B, time course of DNA synthesis by T7 helicase�polymerase complex on the minicircular DNA with a nick in the
non-template strand. The 5�-phosphate at the nick (left panel) or on the single-stranded tail (right panel) was labeled with 32P. Reaction conditions were the
same as that for lane 4 in A except that the reaction was stopped at various time points.
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nick or that ligation of the nick in the original minicircle had
occurred.
Effect of Local DNA Structure on Nick Bypass—The effect of

DNA structure on the ability of helicase�polymerase to bypass
the nickwas examined using threeminicircles containing a nick
in the non-template strand (Fig. 5). One minicircle (NMC4)
containing a 1-nt gap instead of a nick in the non-template
strand was constructed as described under “Experimental Pro-
cedures.” In the second construct (NMC5) three G:C base pairs
were placed adjacent to the nick at the 3� terminus of the frag-
ment. In the third construct (NMC6) three G:C base pairs are
also located adjacent to the nick but at the 5� terminus of the
fragment.
The ability of these three constructs to support bypass DNA

synthesis relative to the nicked circle (NMC2) described in the
last section is shown in Fig. 5. T7 helicase�polymerase can
bypass the nicks adjacent to the G:C base pairs on either side of
the nick, but the complex cannot bypass the 1-nt gap. The effi-
ciency of bypass synthesis is 8.4%when theG:C is base paired at
the 3� terminus and 3.4% when at the 5� terminus. We also

examined the ability of T7 DNA helicase alone to continue
unwinding of DNA containing a nick using these minicircles.
Gene 4 DNA helicase alone was unable to unwind any of the
minicircles used in the current study (Fig. 5B, lanes 5–8). It was
previously shown that T7 DNA helicase requires both a 5�- and
a 3�-ssDNA tail for proper loading onto DNA (35, 37).
T7 Gene 2.5 ssDNA-binding Protein Enhances Nick Bypass—

Aminimal T7 replisome consists of gp5, gp4, gp2.5, and E. coli
thioredoxin (1, 10). The T7 gene 2.5 ssDNA-binding protein is
essential for coordinated leading- and lagging-strandDNAsyn-
thesis (33). It also enables T7 helicase�polymerase to initiate
strand-displacement synthesis from a nick in duplex DNA (36).
Furthermore, it facilitates the annealing of complementary
strands of DNA through homologous base pairing (38).
Although the mechanism by which gp2.5 mediates these

events remains elusive, its DNA-binding and known interac-
tion with DNA polymerase are thought to be essential (1, 33,
36). Using twominicircles, one with a nick in the non-template
strand (NMC2) and one consisting of an oligonucleotide
annealed to the single-stranded minicircle (NMC3), we exam-

FIGURE 5. Effect of local DNA structure on the ability of helicase�polymerase to bypass a nick. Four minicircle DNAs, depicted in the figure, were
constructed and examined for the ability of helicase�polymerase to bypass interruptions in the non-template strand. The first (NMC2) contains a nick in the
non-template strand and is the same as that used in Fig. 3. The second (NMC4) has a gap upstream of the nick with the same position as that in NMC2. The third
(NMC5) and fourth (NMC6) each have a nick in the non-template strand with three G:C base pairs on opposite sides of the nick. In NMC5 the three G:C pairs are
located at the 3� side of the nick and in NMC6 at the 5� side. The 5�-phosphate located at each interruption was labeled with 32P. These DNAs (20 nM) were each
incubated in the absence of enzymes (A and B, lanes 1– 4), with 50 nM DNA polymerase (A, lanes 5– 8), with 50 nM helicase (B, lanes 5– 8), or with 50 nM helicase
plus 50 nM DNA polymerase (A and B, lanes 9 –12) at 37 °C for 10 min in a reaction as described. The reaction mixtures were separated on a non-denaturing 10%
TBE polyacrylamide gel. C, bypass efficiency was determined by the ratio of the intensity of the top band (fully extended strand-displacement DNA product due
to nick bypass) to the sum of the intensity of the top and bottom (aborted product) bands.
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ined the effect of gp2.5 on nick bypass by helicase�polymerase
(Fig. 6). The latterDNAhas 39nt of exposed single strandDNA,
whereas the nicked duplex minicircle has only the 5�-single-
stranded tail of 40 nt.With the nickedminicircle the addition of
low concentrations (19 nM) of gp2.5 increased the efficiency of
nick bypass 2-fold (from 6.7% to 15.1%, comparing lane 3 and
lane 4 in Fig. 6). However, further increasing the concentration
of gp2.5 did not improve nick bypass but eventually inhibited
nick bypass (Fig. 6, lanes 5–7). No product of nick bypass was
observed with the circle annealed to the oligonucleotide con-
firming that strand-displacement DNA synthesis occurs only
with an ongoing helicase�polymerase complex.

DISCUSSION

The response of DNA replication machinery to genomic
lesions such as nicks in DNA is an interesting and important
issue. Whereas studies have been carried out on the conse-
quence of a nick in DNA on the progress of DNA polymerase,
less attention has been directed to the DNA helicase, an essen-
tial component of all replisomes. Indeed, the helicase may well
be the first protein in the replisome to encounter a nick. If the
DNA helicase, translocating 5� to 3� on the lagging strand,
ceases unwinding upon encountering a nick, it is likely that
both leading- and lagging-strand DNA synthesis will be
aborted. NeitherThermus aquaticusDnaB helicase (39) nor T7
helicase (35) alone can continue unwinding DNA past a nick in
vitro. Both of these helicases require a single-stranded tail for
loading ontoDNAprior to unwinding the duplex. In addition to
the 5�-tail a 3�-single-stranded tail is required to exclude that
strand from the central core of the helicase (39). If the nick is
located in the strand that is not occupied by the helicase, then

the absence of a 3�-ssDNA tail will stop the helicase or, alterna-
tively, allow the helicase to accommodate both strands within
its central core and move along the duplex. If the nick is in the
strand upon which the helicase is translocating, then it is likely
that the helicasewill terminate unwinding as it departs from the
end of the interrupted strand. The latter need not be the case if
the binding of multiple nucleotides within the central cavity is
sufficient to maintain contact with the DNA. However, the sit-
uationwithin the replisome is quite different due to other inter-
actions with the helicase. In particular the high affinity interac-
tion of the polymerase with the helicase has marked effects on
the replication process. Not only does DNA synthesis by the
polymerase enhance unwinding (9, 10), but the interaction of
the two proteins also dramatically increases the processivity
(28). In the current study we show that the interaction between
T7 helicase and polymerase provides the helicase with another
advantage: the potential to bypass a nick on the DNA strand on
which it is translocating. Recent work also showed that the T4
replisome is capable of bypassing an abasic lesion located in the
leading strandwhich, a reaction that would pose a challenge for
the individual proteins (40).
What is themechanismunderlying the bypass of a nick by the

polymerase/helicase complex? Neither T7 helicase nor T7
DNA polymerase alone can bypass a nick. Helicase requires
contacts with both strands of the duplex, encircling the
5�-strand and excluding the 3�-strand from the central hole
formedby the hexamer ring (39). Anick does not allow for these
contacts (Fig. 7A). However, when the helicase is associated
with a polymerizing polymerase, the tight binding (KD � 90 nM
(26)) between the two could allow the helicase to remain bound

FIGURE 6. Effect of T7 ssDNA-binding protein on bypassing a nick. Minicircle DNA, depicted in the figure, with a nick in the non-template strand (NMC2,
left panel) or the same minicircle lacking the oligonucleotide bearing the 5�-tail (NMC3, right panel) were examined for their ability to support rolling circle DNA
synthesis mediated by T7 DNA polymerase and helicase in the presence of the indicated amount of T7 gene 2.5 ssDNA-binding protein.
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to the template rather than to dissociate, thus providing an
opportunity for the helicase to contact the 5�-end of theDNAat
the nick. In this model the intrinsic and transient destabiliza-
tion (breathing) of the downstream DNA duplex can be cap-
tured by the helicase to initiate unwinding. TheT7 helicase also
can bind to the T7 polymerase via its acidic C-terminal tail (Fig.
7B). However, because the helicase is not in an unwinding
mode, the unwinding and polymerizing are not coupled and the
two proteins are not tightly bound (27). This weak binding of
the two proteins does not allow the helicase to bypass the nick.
If the nick is located in the template strand the complex fails to
bypass the nick (Fig. 7C). Most likely the structure generated
when gp5�trx encounters the nick precludes it from moving to

the next nucleotide in the template. The helicase should
encounter the nick before the polymerase during leading strand
synthesis. This makes the situation different for nick bypass
depending on the position of the nick. In the case of a nick in the
template, when polymerase reaches the nick, the helicase has
already haltedmovement or has encircled the dsDNA. In either
condition the helicase loses contact with the template. As a
result the opportunity for polymerase to contact the DNA ter-
minus on the other side of the nick is also lost. However, if the
nick is in the non-template strand (Fig. 7D), the helicase might
first stop, but when the polymerase reaches the nick it will
attempt to continue DNA synthesis, because the template is
continuous. Such a polymerizing polymerase and its tight bind-

FIGURE 7. T7 helicase�polymerase encountering a nick. A, T7 helicase and/or gp5�trx cannot initiate DNA unwinding or polymerization of nucleotides at a
nick. The helicase needs an ssDNA tail to load while polymerase needs ssDNA as template. B, a polymerizing DNA polymerase cannot bypass a nick in the
presence of exogenous helicase. The pre-assembly of helicase�polymerase in the leading-strand synthesis mode is necessary for nick bypass. C, an ongoing
helicase�polymerase complex cannot bypass a nick on the template strand. When polymerase reaches the nick, the helicase that encountered the nick earlier
has already stopped or has started translocation on the dsDNA. In either condition the polymerase loses the opportunity to contact the DNA terminus on the
other side of the nick. D, an ongoing helicase�polymerase complex can bypass a nick on the non-template strand. Helicase unwinding might at first be termi-
nated at the nick, but when polymerase reaches the nick it may attempt to continue DNA synthesis, because the template is continuous and the polymerase
is capable of at least destabilizing the dsDNA downstream of the nick. These events would favor the loading of the helicase onto the non-template strand
downstream of the nick to re-establish the replication fork. The tight association of helicase with polymerase increases the chance of helicase contacting the
DNA terminus downstream of the nick. gp2.5 may facilitate the binding.
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ing to helicase provide the helicase with the opportunity to
contact the DNA terminus downstream of the nick. Another
benefit derived from the contact of the helicase with the poly-
merase is that the polymerase may provide additional destabili-
zation energy to the downstream DNA (41). Consistent with
this model, the stability of DNA duplex downstream of the nick
does affect the efficiency of bypass. Three adjacent G:C pairs
downstream of the nick decrease bypass efficiency by approxi-
mately a half. In contrast, G:C pairs upstream of the nick do not
show a significant effect. In this scenario the nick is stabilized
within the central core of the helicase to allow the complex to
pass over this site. The inefficiency of bypass synthesis (7%)
suggests that the stabilization of the nick within the helicase is
weak, a conclusion supported by the inability of the complex to
bypass a gap with a single nucleotide missing.
In our experiments the efficiency of bypassing a nick medi-

ated by the helicase�polymerase complex during DNA replica-
tion is low (�7%). Further assistance could come from other
components in the T7 replisome. For example, gene 2.5 single-
stranded DNA-binding protein can improve the efficiency of
nick bypass by 15%. Interestingly, the improvement was ob-
served only at concentrations of gp2.5 comparable to other
components of the replisome. The requirement for a low con-
centration of gp2.5 to obtain enhanced bypass synthesis sug-
gests a role in the stabilization of the helicase�polymerase com-
plex at the nick through protein interactions (Fig. 7D). Higher
concentrations of gp2.5 could lead to destabilization of the
helicase�polymerase complex, because the C termini of gp2.5
and helicase potentially compete for the same binding site on
the polymerase (1, 27, 28).
Another surprising finding is that T7 gp5�trx alone canmedi-

ate strand-displacement synthesis for �90 nucleotides (40 on
another A/T-rich minicircle) on the intact minicircular DNA
(Fig. 2, B andC). Previous studies had found that such synthesis
by gp5�trx alone was limited to 5 nt or less (9, 42). When a nick
is present on the template strand, there is no strand-displace-
ment synthesis catalyzed by the polymerase alone (Fig. 3, lanes
6 and 10). The molecular basis for this difference in the extent
of strand-displacement synthesis is not known. However, a
number of factors are likely to affect the extent of strand-dis-
placement synthesis by T7DNA polymerase. Other DNA poly-
merases such as E. coli DNA polymerase I and phi 29 DNA
polymerase can catalyze extensive strand-displacement synthe-
sis on duplex DNA (43, 44). T7 DNA polymerase also has the
intrinsic ability to catalyze strand-displacement synthesis.
However, this activity is not robust and is susceptible to the
conformation of the DNA. The different extents of strand-dis-
placement synthesis we observe on various DNAs could be due
to differences in the torsional tension of the minicircular
DNAs. In these small molecules differences in base composi-
tion could either enhance or decrease the efficiency of remov-
ing torsional stress during DNA synthesis on the circular
molecule. In addition, products from strand-displacement syn-
thesis on minicircular templates contain repeated sequence
every 70 nucleotides allowing for intra- or intermolecular (5�-
CAATATTG-3�) base pairing. The resulting secondary struc-
ture would prevent further progression of the polymerase,
resulting in discrete products. The abundance of consecutive

guanines in the products raises the possibility of forming a sta-
ble G-quartet structure to pause replication. Such inhibitory
products are dependent on the template sequence. For exam-
ple, the AT-rich template contains more successive thymines
than the minicircle used in most of the studies, which might
lead to different consequences in impeding the polymerase
activity. Another factor that could affect the extent of strand
displacement synthesis of T7 DNA polymerase is its own exo-
nuclease activity, because an exonuclease deficiency could lead
to strand-displacement synthesis of 100–500 nt (42).
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