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ABSTRACT

Phage T7 helicase unwinds double-stranded DNA
(dsDNA) by encircling one strand while excluding
the complementary strand from its central channel.
When T7 helicase translocates on single-stranded
DNA (ssDNA), it has kilobase processivity; yet, it is
unable to processively unwind linear dsDNA, even
60 base-pairs long. Particularly, the GC-rich
dsDNAs are unwound with lower amplitudes under
single-turnover conditions. Here, we provide
evidence that T7 helicase switches from ssDNA to
dsDNA during DNA unwinding. The switching pro-
pensity is higher when dsDNA is GC-rich or when
the 3'-overhang of forked DNA is <15 bases. Once
helicase encircles dsDNA, it travels along dsDNA
and dissociates from the end of linear DNA without
strand separation, which explains the low unwinding
amplitude of these substrates. Trapping the displa-
ced strand with ssDNA binding protein or changing
its composition to morpholino oligomer that does
not interact with helicase increases the unwinding
amplitude. We conclude that the displaced strand
must be continuously excluded and kept away
from the central channel for processive DNA un-
winding. The finding that T7 helicase can switch
from ssDNA to dsDNA binding mode during unwind-
ing provides new insights into ways of limiting DNA
unwinding and triggering fork regression when
stalled forks need to be restarted.

INTRODUCTION

Helicases are motor proteins that use the chemical energy
of nucleoside 5-triphosphate (NTP)  hydrolysis to
catalyse a variety of DNA and RNA metabolic processes
that involve such reactions as separating the strands of the

double helical DNA, removing secondary structures in
RNA, catalysing Holliday junction branch migration, or
dissociating proteins bound to nucleic acids (1-7). During
DNA replication, helicases unwind the double-stranded
DNA (dsDNA) to create single-stranded DNA (ssDNA)
templates that are copied by the DNA polymerase (8,9).
Many hexameric helicases have been shown to assemble
into rings around DNA (10,11). When the hexameric ring
binds to only one strand of the dsDNA, it can translocate
on ssDNA in an NTPase-dependent manner to unwind
the dsDNA (12-15). However, when the ring binds and
moves on dsDNA, it catalyses NTPase-dependent branch
migration reactions (16,17). It is expected that the topo-
logical linkage of the helicase ring with the DNA confers
this class of helicases a high processivity of translocation,
which would be necessary for accurate replication of
genomes.

Bacteriophage T7 gp4 (T7 helicase) is a hexameric ring-
shaped helicase that unwinds dsDNA using the energy
derived from deoxythymidine 5'-triphosphate (dTTP) hy-
drolysis (18,19). T7 helicase has served as a model system
to understand the mechanisms of NTP-coupled transloca-
tion and DNA unwinding by the hexameric helicases
(18,19). T7 helicase translocates on ssDNA in the 5-3’
direction with a high processivity. The measured
processivity indicates that T7 helicase can travel ~75kb
length of ssDNA before dissociation (20-22). Similarly, in
single molecule optical trap unwinding assays, T7 helicase
unwinds kb length dsDNA (23). Hence, it is surprising
that T7 helicase shows a very low unwinding processivity
in ensemble strand separation assays. The single turnover
strand separation assays with dsDNA of different lengths
indicated that T7 helicase unwinds on an average 60 bp of
dsDNA before dissociation (21,24).

In this article, we report a series of experiments carried
out to understand the mechanistic basis for the poor
processivity of DNA strand separation by the T7
helicase. Our results, using modified unwinding substrates
and ensemble single turnover kinetic approaches, indicate
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that T7 helicase switches from translocating on ssDNA to
dsDNA during unwinding and the probability of this
reaction is higher when the dsDNA is longer and/or is
GC-rich. This activity limits the amplitude of DNA un-
winding by providing a path for helicase dissociation from
the end of the linear DNA substrate explaining its lower
processivity of DNA unwinding as compared with trans-
location on ssDNA. We show that the efficiency and
processivity of DNA unwinding is linked to the ability
of the helicase to exclude the complementary DNA
strand from the central channel.

MATERIALS AND METHODS
Proteins and buffer

The M64L mutant of T7 gp4 (referred here as T7 helicase)
was purified as described previously (25). The M64L
mutation inactivates the second initiation codon in the
open reading frame (ORF) of T7 gp4 and produces only
the gp4A protein. T7 gp2.5 was purified as described (26),
Escherichia coli single-stranded DNA-binding protein
(SSB) was purified as described (27). Protein concentra-
tions were determined by absorbance measurements at
280 nm in 8 M urea using the calculated extinction coeffi-
cients. Buffer A [SOmM Tris—Cl (pH 7.6), 40 mM NaCl
and 10% (v/v) glycerol] was used throughout the experi-
ments unless specified otherwise. Quenching solution con-
sisted of 100mM ethylenediaminetetraacetic acid
(EDTA), 0.4% (v/v) sodium dodecyl sulphate and 20%
glycerol.

Oligodeoxynucleotides

Oligodeoxynucleotides (Supplementary Tables S1 and S2)
were purchased from Intergrated DNA Technologies
(Coralville, 1A). The sequences of the DNA oligos used
to prepare the helicase substrates ds18, ds30, ds40, ds50,
ds60, ds90 were the same as reported previously (24). The
25-mer M-oligo was purchased from Gene tools. The
DNAs were purified on a 15% polyacrylamide gel/8 M
urea run in Tris/Borate/EDTA (TBE) buffer, the major
DNA band was excised and the DNA was electroeluted
using an Elutrap apparatus (Whatman Schleicher &
Schuell). The DNA concentration was determined from
its absorbance at 260 nm in TBE buffer containing 8 M
urea. The extinction coefficient for each DNA was
calculated from those of the individual bases
M~'em™): ex = 15200, ec = 7050, &g = 12010 and
&1 = 8400. The 5-strand was end-labelled using [y->>P]
adenosine triphosphate (Amersham Pharmacia Biotech)
and T4 polynucleotide kinase (New England Biolabs).
The radiolabelled helicase substrate was prepared by
mixing the 5'-strand with a 1.5-fold excess of the comple-
mentary non-radiolabelled 3’-strand. The DNA mixture
was heated at 95°C for 5min and allowed to slowly cool
down to room temperature to form the dsDNA.

DNA unwinding Kkinetics

DNA unwinding kinetics was measured in a RQF3 rapid
quench-flow instrument (KinTek Corp., PA) at 18°C (24).

T7 helicase (100nM), DNA substrate (2.5nM) and dTTP
(2mM) in buffer A containing EDTA (5mM) was loaded
in one syringe of the quenched-flow apparatus. A solution
containing MgCl, (final free concentration of 2mM) in
Buffer A and trap DNA (3uM of unlabelled strand of
the same sequence as the radiolabelled strand in the ex-
periment) was loaded in the second syringe. The indicated
concentrations are final after mixing. Equal volumes of the
contents of the two syringes were mixed to initiate the
reaction that were continued for predetermined time inter-
vals after which they were quenched and loaded on a
4-20% mnative polyacrylamide gel run in TBE buffer.
The unwinding reactions with ssDNA-binding protein
contained 5uM final concentration of T7 gp2.5 or 1 uM
E. coli SSB, and these were added with the MgCl, at the
start of the reaction. No DNA trap was added with the
MgCl, when ssDNA-binding protein was present. It was
added instead, with the quenching solution to prevent the
unwound strands from reannealing. The ds30-B-S DNA
was prepared by adding a 30-fold excess of streptavidin
(recombinant from Sigma Chemicals) over dsDNA and
incubating the mixture for at least 15 min before adding
T7 helicase (28). The fraction of ssDNA generated at 7, F
was calculated from Equation (1) (12).

P < Rs(1) 3 Rs(0) ) /
~ \Rs(t)+Rd(t)  Rs(0)+Rd(0)

Rsh Rs(0)
<Rsh+Rdh - Rs(O)+Rd(0))

@D

where Rs(¢) and Rd(t) are counts in each band corres-
ponding to ssDNA and dsDNA, respectively, at time ¢.
Rs(0) and Rd(0) are the corresponding counts at ¢ = 0.
Rsh and Rdh are counts of a negative control to measure
the extent of maximum unwinding in which the sample
was heated at 95°C for 5min.

Four-way junction resolution/unwinding kinetics were
measured in a RQF3 rapid quench-flow instrument
(KinTek Corp., PA) at 18°C. T7 helicase (100nM),
DNA substrate (2.5nM), and dTTP (2mM) were mixed
in buffer A containing EDTA (5mM) and loaded in one
syringe of the quench-flow apparatus. A solution contain-
ing MgCl, (final free concentration of 2mM) in Buffer A
and trap DNA (3 uM of unlabelled 5'-strand) was loaded
in the second syringe. Equal volumes of the contents of the
two syringes were mixed to initiate the reaction that were
continued for 0.1-120s after which they were quenched
with sodium dodecyl sulphate-EDTA solution and
loaded on a 10% native polyacrylamide gel run in TBE
buffer.

Kinetic analysis

Kinetic analysis of the unwinding time courses was per-
formed using MATLAB software with Optimization
toolbox (The MathWorks, Inc., Natick, MA). A step-
wise unwinding model of helicase action was assumed
(29,30). Best fits were obtained assuming unwinding by
two populations of helicase species with identical
step size s, but different stepping rates (k; and k»).
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The stepping kinetics was described by Equations (2)—(4).
F = AU (k,t,n) (2)
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where F is a fraction of unwound DNA substrate mol-
ecules, 4; and A, are the amplitudes of unwinding and ¢
is reaction time. The number of steps, n, taken by the
helicase to unwind the substrate was calculated as

L-L,
o S

n 4
where L is the number of base pairs in the DNA substrate,
L,, is the length of the shortest DNA duplex that can stay
together under the experimental conditions, and it was
fixed to 12 bp, based on previous studies (24). The
processivity per step (P) was determined from the plot
of amplitude (A4) versus dsDNA length (/ = L—L,,) using
Equation (5) as described (29).

A=Ay x PV 5)

Ay is the maximum amplitude that provides a measure of
the fraction of helicase-DNA complex initially present in
the reaction.

RESULTS

T7 helicase translocates on dsDNA in the absence of the
3’-overhang in the forked DNA

T7 helicase requires two ssDNA overhangs flanking
the dsDNA to separate the dsDNA strands (12,13,31).
The 5'-overhang is required for helicase loading and trans-
location, but the role of the 3’-overhang is less clear. Studies
of related ring-shaped helicases indicate that the ssDNA
overhang in the displaced strand may interact externally
with the helicase to increase the DNA-binding affinity
and/or serve as a steric block to prevent the helicase from
surrounding the dsDNA (14,15,32,33). Consistent with
these observations, we find that the length of the
3’-overhang affects the yield of ssDNA products observed
in our single turnover unwinding assays (Figure 1A).
Figure 1A shows the single-turnover unwinding kinetics
of the forked substrate with 30 bp (33% GC bp) dsDNA,
a fixed length dTss 5-overhang and 5-nt, 10-nt or 15-nt
3’-ssDNA overhang (Supplementary Table S1). In these
and the rest of the all-or-none single-turnover unwinding
assays in this article, T7 helicase (100 nM) was loaded on
radiolabelled forked substrates (2.5 nM) in the presence of
2mM dTTP (30). The unwinding reaction was initiated by
addition of Mg(II) and trap DNA, which traps free
helicase present at the onset of the reaction and any that
dissociates during the reaction or on completion of the
reaction (34). The trap DNA in all the experiments was
the non-radiolabelled 5'-strand of the fork DNA; hence, it
also binds to the 3’-ssDNA strand generated by the
helicase action to prevent reannealing of the unwound
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strands. Under these conditions, the unwinding amplitude
measures the fraction of helicase molecules that complete
the unwinding reaction after a single DNA binding event.
We have also used dT-jq as the trap DNA and obtained
similar amplitudes and rates of unwinding (17). T7
helicase does not unwind the forked substrate when the
3’-overhang is 5nt in length, but as the length of the
3’-overhang is increased, the unwinding amplitude in-
creases with 10-nt and 15-nt overhangs unwound with
60 and 80% amplitudes, respectively. The results
indicate that the 3’-overhang needs to be ~15nt in
length for optimal unwinding of the dsDNA (12).

To investigate why the short 3’-overhang substrate
was not unwound, we used tandem DNA substrates
with 30-bp proximal and 30-bp distal dsDNA regions
(33-40% GC content) (Figure 1B). Each of the three
tandem substrates contained a 15-nt 3’-overhang in
front of the distal dsDNA region but was missing one or
the other overhang in front of the proximal dsDNA. The
proximal dsDNA was not unwound when it was missing
the 3’-overhang, but the distal dSDNA was still unwound
efficiently (Figure 1B, left panel, lane 4). None of
the dsDNA regions were unwound when the proximal
dsDNA was missing the 5-overhang (Figure 1B, middle
panel, lane 1), which indicates that T7 helicase does
not load internally on the dsDNA to unwind the
distal dsDNA. Both dsDNA regions were unwound
when the proximal duplex contained 5’ and 3’ overhangs
(Figure 1B, right panel, lane 1). Later in the text, we
present more detailed unwinding kinetic studies of
these tandem DNAs. The results thus far indicate that
the 3’-overhang is required for DNA unwinding,
which is consistent with the strand exclusion model.
Moreover, our results indicate that in the absence of
the 3’-overhang, T7 helicase does not dissociate from the
DNA, but it moves over the dSDNA to unwind the distal
dsDNA. These findings are in agreement with similar
behaviours reported for other ring-shaped helicases
(14,15,35). Our studies were carried out under single
turnover conditions in the presence of a protein trap,
and therefore indicate that the helicase can switch
between ssDNA and dsDNA regions without dissociating
into solution.

To determine whether the 3'-overhang in the forked
DNA is required only for steric exclusion or also for inter-
actions with the helicase, we prepared DNA substrate
that contained a 10-bp DNA hairpin (ds30-hp) or a
biotin-streptavidin complex (ds30-BS) instead of the
3’-overhang (DNA sequences, Supplemental Table S1). T7
helicase efficiently unwinds both of these 3'-strand modified
DNAs (Figure 1C). The unwinding amplitude (~80%)
of the hairpin or the BS-modified substrate was similar to
that of the substrate with the 15-nt ssDNA 3’-overhang.
These results indicate that the interactions with the 3
ssDNA overhang are not necessary for DNA unwinding.
Nevertheless, the rate of DNA unwinding of the duplex or
BS modified DNA was 1.5-2-fold slower than the fork
DNA with 15-nt 3’-overhang DNA. The slower rate may
be due to inhibition of helicase movement by the bulky
moieties, or that the 3’-overhang interactions somehow
increase the efficiency of DNA unwinding.
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Figure 1. DNA unwinding analysis of fork DNAs with modified 3’-overhangs. The single turnover unwinding kinetics was measured at 18°C as
described in the Experimental Procedures. (A) shows the unwinding kinetics of ds30-5T (filled triangle), ds30-10T (filled circle) and ds30-15T (open
square) fit to Equations (2)-(4) (Experimental Procedures) to obtain the average unwinding rate (k, = k xs) and amplitude (4) for ds30-10T,
ky = 33bp/s (4 =0.68) and ds30-15T, k, = 26bp/s (4 = 0.91). (B) Native polyacrylamide gel image shows the unwinding products of tandem
substrate under single turnover reaction conditions. Left panel, lanes 1-3 are standards, and lane 4 shows products after 2min of reaction.
Middle panel, lane 1 shows reaction after 2min, and lanes 2-4 are standards. Right panel, lane 1 shows reaction after 2min, and lanes 2-4 are
standards. (C) The unwinding kinetics of ds30-15T (filled circle) in comparison with that of the ds30-B+S (filled triangle) and ds30-hp (open square)
DNAs. The average unwinding rates for ds30-B-S, k, = 19bp/s (4 = 0.8), ds30-hp, k, = 18 bp/s (A4 = 0.78). Asterisk represents the position of

radiolabelling.

T7 helicase unwinds a morpholino—-DNA hybrid substrate
without requiring 3'-overhang

To investigate whether the interactions of the 3’-overhang
and the displaced 3'-strand with the helicase are required
for dsDNA unwinding, a modified unwinding substrate
was prepared in which the 3/-strand was replaced with a
morpholino oligo (M-oligo). The morpholino nucleic acid
has standard bases to pair in the same manner as DNA,
but the bases are bound to morpholine rings instead of
deoxyribose rings and linked through phosphoro-
diamidate groups that lack negative charges as in the
phosphates of DNA. The M-oligo is water soluble, and
the hybrid duplex (M-oligo/DNA) is as stable as or more
stable than the DNA duplex (36,37). Several experiments
showed that the M-oligo does not interact with T7
helicase. In one experiment, the binding of a radiolabeled
DNA-oligo to T7 helicase was measured in the presence of
increasing amounts of the M-oligo of the same length and
sequence. Even a 10-fold excess of the M-oligo did not
inhibit the binding of the radiolabeled DNA-oligo to the
T7 helicase (Supplementary Figure S1A). Similarly, the
M-oligo did not stimulate the dTTPase activity of T7
helicase (Supplementary Figure S1B), and when added

at a high concentration, the M-oligo did not inhibit the
DNA-oligo stimulated dTTPase activity (Supplementary
Figure S1C). These results indicate that the neutral
backbone M-oligo does not interact with the T7 helicase.

An 18-bp M-oligo:DNA hybrid with 30% GC content
was prepared with a 35-nt ssDNA 5-overhang and a 7-nt
M-oligo 3’-overhang. A DNA:DNA substrate of the same
sequence was made as a control (Figure 2A). Interestingly,
T7 helicase unwinds the M-oligo:DNA with ~90% amp-
litude and 2.5-fold faster rate than the DNA:DNA sub-
strate (Figure 2A). When a 25-bp M-oligo:DNA substrate
was made without any 3’-overhang, it was also unwound
efficiently, which was unexpected, as an analogous DNA
substrate was not unwound at all (Figure 2B and C). The
results indicate that keeping the 3’-overhang or the
displaced strand away from the helicase or removing any
interactions with the displaced strand in fact increases
unwinding efficiency.

Single-strand DNA-binding proteins increase the
unwinding processivity

The aforementioned results indicate that if the displaced
strand is kept away from the helicase, it increases the
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Figure 2. Unwinding kinetics of 3’-morpholino/5’-DNA forked substrate by T7 helicase. (A) Single-turnover unwinding kinetics of ds18-DNA:DNA
(open circle) and ds18-DNA:M-oligo (filled circle) with 7nt 3'-tail fit to average unwinding rates k, = 5bp/s (4 = 0.56) and k, = 35bp/s (4 = 0.9),
respectively. (B) The ds25-DNA:M-oligo without any 3'-tail was unwound with single-turnover rate, k, = 26 bp/s (4 = 0.52). (C) The native poly-
acrylamide gel image shows unwinding of the ds25-DNA:M-oligo (left panel) and ds25-DNA:DNA (right panel) under single-turnover conditions.
Lanes 1 and 4 show the control unreacted starting DNA. Lanes 2 and 5 show the control radiolabelled 5'-strand. Lanes 3 and 6 show the reaction

products after [ min of unwinding.

unwinding efficiency of T7 helicase. Therefore, we
investigated whether trapping the displaced ssDNA
strand with ssDNA-binding protein, such as E. coli SSB
or T7 gp2.5, will improve the processivity. It is important
to pre-bind T7 helicase to the forked substrates in the
presence of dTTP and then add ssDNA-binding protein
with Mg(Il) at the start of the reaction, otherwise it is
observed that SSB competes with the helicase and
inhibits unwinding at high concentrations (38). The un-
winding kinetics were measured with forks of different
lengths from 18 to 90bp (30-35% GC bp) in the
absence and in the presence of ssDNA-binding proteins
(Figure 3A, C and E). The series of unwinding kinetics
were fit to the stepping model [Equations (2)—(4)] to
obtain the unwinding rates and amplitudes. The ampli-
tudes were plotted as a function of the dsDNA lengths
and fit to Equation (5) to obtain the unwinding
processivity (24,29,30). In the absence of the ssDNA-
binding protein, the single-turnover unwinding amplitudes
decreased steeply, as the length of the dsDNA increased
from 18 bp to 90 bp (Figure 3A and B). The processivity
value of 0.9911 (£0.0007) indicates that T7 helicase
unwinds on an average 60-110bp before dissociation,
consistent with previous measurements (24).

In the presence of E. coli SSB (Figure 3C and D) and T7
gp2.5 (Figure 3E and F), the unwinding amplitudes were
higher and decreased only slightly with increasing dsSDNA
lengths. The processivity value of 0.9979 (+0.0002) in the
presence of E. coli SSB and 0.9971 (£0.0003) in the
presence of T7 gp2.5 indicates that T7 helicase unwinds
on an average 500bp before dissociation. The rate of
DNA unwinding increased ~30% in the presence
of E. coli SSB and remained unchanged in the presence
of T7 gp2.5. These results indicate that ssDNA-binding
proteins increase the processivity of T7 helicase. This
increase in processivity could be due to specific inter-
actions of T7 gp2.5 with T7 helicase; however, no such
interactions have been observed between T7 helicase and
E. coli SSB (39). We therefore propose that the increase in
processivity of DNA unwinding by ssDNA-binding
proteins is due to trapping the displaced strand and
preventing its direct interactions with the helicase.

Switching from ssDNA to dsDNA accounts for the lower
amplitudes of unwinding GC-rich dsDNA

The 30bp dsDNA substrate with 100% GC-content is
unwound very inefficiently, with <10% of the dsDNA
unwound under single turnover conditions. Interestingly,
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Equation (5) to obtain processivity of 0.9911 (£0.0007) in the absence of ssDNA-binding proteins (B), 0.9979 (40.0002) in the presence of E. coli

SSB (D) and 0.9971 (£0.0003) in the presence of T7 gp2.5 (F).

in the presence of E. coli SSB, the extent of unwinding
increases to 50% (Figure 4A). To understand the basis
of the low unwinding amplitude of the GC-rich dsDNA,
we prepared a tandem, forked unwinding substrate with a
proximal dsDNA region that was 100% GC and a distal
dsDNA that was 50% GC-rich. As the tandem substrate
contains both 5-overhang and 3’-overhang (see schematic
in Figure 4B), we expect that T7 helicase will unwind both
the proximal and distal dsDNA regions, as observed
earlier in the text (Figure 1B). However, if the helicase
dissociates during unwinding the GC-rich proximal
dsDNA region, then the unwinding yield of both the
proximal and distal dsSDNA will be equally low. On the
other hand, if the helicase does not dissociate but switches
from ssDNA to dsDNA at any point during unwinding,
then the helicase can travel over the dsDNA without un-
winding the proximal DNA, and if it switches back to

ssDNA, it can unwind the distal dSDNA (Figure 4C). In
this case, the unwinding yield of the distal DNA will be
higher than the proximal DNA. Our results show that the
unwinding yield of the proximal 100% GC dsDNA was
10%, but the unwinding yield of the distal dSDNA was
~50% (Figure 4B). These results indicate that when the
dsDNA is GC-rich, instead of dissociating, the helicase
goes over the dsDNA without unwinding it.

The tendency to switch from traveling on ssDNA to
dsDNA is higher when the dsDNA is GC-rich, as shown
by the following experiments. Here, instead of using the
unwinding of the distal DNA as a signal for helicase
traveling over dsDNA, we used branch migration as the
signal. Two types of homologous Holliday junction sub-
strates with a forked arm were prepared (Supplementary
Table S2). The dsDNA flanking the fork arm in one
substrate was 100% GC and in another 30% GC-rich.
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Figure 4. Unwinding kinetics of GC-rich forked and tandem substrate. (A) Single turnover unwinding kinetics of the 30 bp 100% GC dsDNA with
and without E. coli SSB. The average unwinding rate was k, = 8 bp/s (4 = 0.046) in the absence of SSB and k, = 10bp/s (4 = 0.44) in the presence
of E. coli SSB. (B) The proximal 100% GC-rich dsDNA region of the tandem forked DNA substrate was unwound with &, = 6 bp/s (4 = 0.13) and
the distal 50% GC rich dsDNA region was unwound with k, = 5.2bp/s (4 = 0.46). (C) The schematic representation shows the normal pathway of
unwinding both dsDNA regions of the tandem dsDNA substrate, and the pathway where the helicase encircles and does not unwind the initial

GC-rich dsDNA but unwinds the distal dSDNA region.

T7 helicase binds to the 5’-overhang of the fork and owing
to the presence of the 3’-overhang, it is expected to unwind
the dsDNA to generate a ssDNA product. If T7 helicase
goes over the dsDNA at any point and translocates along
the dsDNA arm, then it is expected to resolve the
four-way junction rather than unwind the DNA strands
(17) (Figure 5A). Under single turnover conditions in the
presence of a trap, T7 helicase unwinds the 30% GC sub-
strate with a high efficiency producing ssDNA product,
but it preferentially resolves the 100% GC substrate
(Figure 5B). Control experiments with both the low-GC
and the high-GC substrates lacking the 3’-overhang
resulted in the resolution of the four-way junction, with
no strand separation (Figure 5C). These experiments
indicate that the propensity to travel over the dsDNA is
higher when the dsDNA is GC rich and more stable.

Our results show that T7 helicase does not dissociate
from the DNA when it is unwinding GC-rich dsDNA,
but instead it switches between encircling ssDNA and
dsDNA. Such events during unwinding provide a path
for helicase sliding along dsDNA and dissociating from
the end of linear substrates without strand separation,
explaining the lower amplitude of unwinding. The ex-
periments also show that the helicase not only switches
its DNA-binding mode from ssDNA to dsDNA but
also switches its DNA motor activity from ssDNA to
dsDNA.

DISCUSSION

Ring-shaped helicases encircle the DNA they travel along
and therefore are expected to display a high translocation
processivity. Our previous studies have shown that T7
helicase travels along ssDNA with a high processivity
but unwinds linear dsDNA with an unusually low
processivity (21,24). These results indicate that although
T7 helicase rarely dissociates when it is moving along
ssDNA, it dissociates more often when unwinding linear
dsDNA. The experiments in the present study show that
T7 helicase actually does not dissociate from the ss—ds
junction but instead travels over the dsDNA to dissociate
from the end of the linear substrate without unwinding it.
It is known that T7 helicase can bind and move on
dsDNA in a dTTPase-dependent manner (17), and this
reaction of the ring-shaped helicase is prevented during
DNA unwinding by providing an overhang in the
displaced strand (14,15). T7 helicase requires a
3’-overhang to catalyse unwinding (12,13,31), and
studies in this article confirm that the overhang needs to
be at least 10-nt long and optimally 15-nt long. The
overhang may serve as a steric block or have specific inter-
actions with the helicase (32,33). As the 3’-overhang can
be replaced by a duplex structure or a biotin-streptavidin
complex, we argue that the 3’-overhang acts as a steric
block, rather than having a role where interactions with
the 3’-overhang assists unwinding. Consistent with this,
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Figure 5. Unwinding and branch migration kinetics on GC-rich forked four-way junction. (A) Schematic representation of the unwinding of forked
four-way junction substrates by T7 helicase. The Low-GC substrate (left panel) is preferentially unwound by T7 helicase, whereas the high-GC
substrates (right panel) is preferentially resolved. (B) Single-turnover unwinding kinetics (0.1-120s) of forked four-way junction substrates with a
low-GC loading arm (left panel) or a high-GC loading arm (right panel). The low-GC substrate gets unwound, whereas the high-GC substrate gets
resolved. (C) Single-turnover unwinding kinetics (0.1-120's) of control four-way junction substrates lacking the 3’-overhang get resolved irrespective

of the GC-content.

when the displaced strand was replaced with a morpholino
oligo, which has no affinity for T7 helicase, we observed
better DNA strand separation even in the absence of a
3’-overhang. Similarly, trapping the displaced strand by
ssDNA-binding proteins, such as E. coli SSB or T7
gp2.5, increased the unwinding processivity of the T7
helicase. Thus, keeping the displaced strand away from
the helicase increases the unwinding efficiency. This hy-
pothesis also explains the high unwinding processivity of
T7 helicase in single molecule optical tweezers assays,
where the unwound DNA strands are tethered and
splayed under force, which provides efficient displaced
strand exclusion (23).

We find that the helicase’s tendency to switch binding
modes from ssDNA to dsDNA at the forked junction is
high when the dsDNA is GC-rich. The GC-rich dsDNAs
are unwound at slower rates as compared with AT-rich
dsDNA (22,40). The slower rate of unwinding GC-rich
dsDNA may allow the helicase more time to engage the
displaced strand and surround the dsDNA. Alternatively,
the GC base pairs reannealing at the unwinding junction
may allow T7 helicase to surround the dsDNA. Either
way, excluding the displaced strand from binding to T7
helicase by addition of the SSBs increases the unwinding
amplitude, which implies that SSB binding to the
displaced strand prevents the helicase from surrounding
the dsDNA. Similarly, changing the composition of the
displaced strand to a morpholino oligo that does not

interact with the helicase prevents the helicase from
binding the duplex, either because the helicase does not
engage the morpholino oligo or the helicase cannot
encircle the DNA:M-oligo hybrid duplex. The results
indicate that for T7 helicase to surround the dsDNA, it
needs to have interactions with the sugar-phosphate
backbone of the displaced strand. After encircling the
dsDNA, T7 helicase moves on dsDNA and when
provided with a four-way DNA junction in its path, the
helicase is able to resolve the junction. Similarly, when
provided with a tandem fork, it is able to switch from
dsDNA-binding mode back to ssDNA and unwind the
downstream dsDNA in the tandem substrate. Thus, T7
helicase can toggle between ssDNA and dsDNA
binding, and this switch occurs without the helicase phys-
ically dissociating from the DNA substrate.

We propose the following mechanism to explain the
ability of T7 helicase to switch between its DNA-binding
modes (Figure 6). This mechanism is consistent with the
structural studies of ring-shaped helicases and also
explains many of the peculiar behaviours of helicases
reported in the literature, as discussed later in the text.
T7 helicase unwinds DNA by moving along one strand
of the DNA (the 5-strand or the loading strand) and
excluding the complementary strand (the 3’-strand or the
displaced strand) from the central channel (strand exclu-
sion model). As the subunit-subunit interactions within
the hexamer ring are not extensive (41-43), it is possible
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Figure 6. Model that explains the low processivity of DNA unwinding by T7 helicase. T7 helicase initiates unwinding from the 5'-ssDNA overhang.
The upper highlighted pathway (species 1-4) shows a series of intermediates that result in the complete unwinding of the dsDNA. The branched
pathway (3-9) shows that the occasional ring opening reaction (3—4—5) can result in T7 helicase encircling the displaced strand and the dsDNA
(5—6—7). The helicase ring bound to the dsDNA can dissociate in solution (7—9) or move along the dsDNA (7—8) and fall off from the end of the

linear DNA without unwinding the DNA strands (§8—9).

that the ring undergoes spontaneous opening and closing
transitions during its movement along the DNA.
Transient ring opening does not appear to completely dis-
sociate the helicase from DNA, as evident from the very
slow rate of dissociation of the translocating helicase from
ssDNA (21,44). However, if the nascent displaced strand
is in physical proximity of the helicase, it enters the central
channel of the open ring, anneals with the loading strand
and consequently, the helicase ring ends up surrounding
the dsDNA. Once bound to dsDNA, the helicase ring
moves along dsDNA and dissociates from the end of the
linear DNA without unwinding it. This phenomenon
explains the unexpected low processivity of DNA unwind-
ing with linear substrates. To accommodate the dSDNA in
the central channel, the helicase ring may adopt the
lockwasher conformation, first observed in Rho helicase
and recently in DnaB helicase (45,46). Unlike Rho, where
the lockwasher conformation has an open gap, the DnaB
lockwasher structure is bridged by a linker helix, which
will prevent the displaced strand from entering the central
channel. In the DnaB class of helicases, which includes T7
helicase, the subunit—subunit interactions involve packing
of a linker helix against the neighboring subunit. To
surround the dsDNA, the linker helix in DnaB and T7
helicase must disengage from the neighbouring subunit.
Plasticity in the helicase ring has also been suggested for
the viral helicase, SV40 large T antigen, which is able to
bypass bulky adducts on the tracking strand (47).
Transient ring opening and the tendency to surround
dsDNA during unwinding may also explain peculiar
behaviour of helicases, such as premature rezipping of
DNA during DNA unwinding and repetitive unwinding
observed in single molecule experiments (48—51).

Is there a role for this ssDNA-dsDNA switching
activity of the helicase during DNA replication?
Replicative helicases act in conjunction with the DNA
polymerase and ssDNA-binding proteins to catalyse
DNA replication (52—54). During normal replication, the
DNA polymerase provides efficient strand exclusion by
moving with the helicase and continuously binding to
the displaced strand near the unwinding junction. Hence,
the unwinding rate of T7 helicase is optimal in the
presence of T7 DNA polymerase (54). However, when
replication stops, e.g. owing to DNA polymerase stalling

at a roadblock in the leading strand, the helicase activity is
decoupled from DNA synthesis, but it continues to
unwind dsDNA and thus create free displaced ssDNA
(55,56). Under these conditions, the displaced ssDNA
may interact externally and promote the helicase to
surround the dsDNA. The switching from ssDNA to
dsDNA would be useful in limiting helicase’s strand sep-
aration activity when replication forks stall. Another
intriguing possibility is that switching of the helicase
from ssDNA- to dsDNA-binding mode and spontaneous
reannealing of the newly unwound DNA strands could be
the trigger for replication fork regression. Future experi-
ments with the replisome will test these ideas. Thus, our
finding that the ring-shaped replicative helicase can switch
between ssDNA and dsDNA provides the basis to under-
stand the mechanisms to overcome replication blocks by
facilitating reactions that are needed for repair and restart
of the replication fork.
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