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In recent years, it has been shown that helicases are able

to perform functions beyond their traditional role in un-

winding of double-stranded nucleic acids; yet the mechan-

istic aspects of these different activities are not clear. Our

kinetic studies of Holliday junction branch migration

catalysed by a ring-shaped helicase, T7 gp4, show that

heterology of as little as a single base stalls catalysed

branch migration. Using single-molecule analysis, one

can locate the stall position to within a few base pairs of

the heterology. Our data indicate that the presence of

helicase alone promotes junction unfolding, which accel-

erates spontaneous branch migration, and individual time

traces reveal complex trajectories consistent with random

excursions of the branch point. Our results suggest that

instead of actively unwinding base pairs as previously

thought, the helicase exploits the spontaneous random

walk of the junction and acts as a Brownian ratchet,

which walks along duplex DNA while facilitating and

biasing branch migration in a specific direction.
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Introduction

Homologous recombination is a major pathway in the rescue

of stalled or collapsed replication forks caused by DNA

damage. A key intermediate in homologous recombination,

the DNA four-way (Holliday) junction (Holliday, 1964; Potter

and Dressler, 1976), can undergo branch migration by way of

sequence homology. The spontaneous branch migration can

be described as a one-dimensional random walk where both

migration directions are equally likely as long as homology

exists, but is strongly inhibited by even a single base-pair

heterology (Panyutin and Hsieh, 1993). In physiological con-

ditions with divalent ions, this spontaneous process is sig-

nificantly slowed down by the junction’s ion-induced folding

into the stacked X structure (Duckett et al, 1988; Murchie

et al, 1989; Panyutin and Hsieh, 1994). To overcome this,

helicases, most commonly hexameric ring helicases, are

required to catalyse the reaction (Lloyd and Sharples, 1993;

Kaplan and O’Donnell, 2002). Branch migration is catalysed

in the case of ring-shaped helicases by encircling double-

stranded DNA (dsDNA) and translocating along dsDNA by

tracking one strand directionally (Kaplan and O’Donnell,

2002).

The conventional view of branch migration enzymes,

which we call the active disruption model (Figure 1A and

B), posits that the translocating helicase pulls the DNA

through the central hole such that the pulling force is used

to disrupt, or melt, the base pairs at the junction (Figure 1A).

In this model, branch migration is more efficient for homo-

logous junctions because pulling on the tracking strand

results in simultaneous pulling of the complementary strand,

leading to the disruption of base pairs both above and below

the branch point (Figure 1A) (Kaplan and O’Donnell, 2002,

2004). If extensive sequence heterology exists, pulling of one

strand becomes mechanically decoupled from the other

strand, impairing active base-pair disruption (Figure 1B).

Indeed, extensive sequence heterology (X25 bp) inhibits

branch migration catalysed by DnaB (Kaplan and

O’Donnell, 2004) and RuvAB (Dennis et al, 2004). To be

specific, we further define the active disruption model by two

characteristics: kinetics of branch migration is dominated by

the helicase, and DNA base disruption is an essential com-

ponent. Here, we propose an alternative model called the

Brownian Ratchet model for helicase-catalysed branch migra-

tion (Figure 1C). In this model, the helicase’s primary func-

tion is in the prevention of junction folding so that the

junction remains in the open, unstacked form. Once opened,

the junction is free to take branch migration steps that are

typically bidirectional and fast, but the unidirectional trans-

location of the helicase ensures that this branch point walk-

ing becomes biased in one direction by preventing backward

migration steps. In this paper, we present several lines of

evidence in support of the Brownian Ratchet model.

Results

We have studied the mechanism of branch migration using

T7 gp4, a 50-to-30 helicase-primase (T7 helicase) (Egelman

et al, 1995; Patel and Hingorani, 1995; Picha and Patel, 1998;

Picha et al, 2000; Jeong et al, 2004) as a model protein. T7

helicase requires a single-stranded DNA (ssDNA) overhang to

initiate migration; hence, branch migration can be initiated

in a controlled manner using T7 helicase and a Holliday

Junction substrate that contains a single 50 ssDNA tail

attached to one arm of the junction (Figure 1D). Stable

assembly of the helicase ring on the ssDNA overhang

(Hingorani and Patel, 1993) requires the presence of dTTP

but not Mg2þ (Picha and Patel, 1998), and hence the helicase

can be pre-assembled on the substrate, bypassing the slow
Received: 2 March 2008; accepted: 30 April 2008; published online:
29 May 2008

*Corresponding author. Physics Department, Emory University,
400 Dowman Dr, MSC N214, Atlanta, GA 30322, USA.
Tel.: þ 1 404 727 4039; Fax: þ 1 404 727 0873;
E-mail: irasnik@physics.emory.edu
5Present address: Physics Department, Emory University, Atlanta,
GA, USA
6Present address: Janelia Farm, Howard Hughes Medical Institute,
Ashburn, VA, USA

The EMBO Journal (2008) 27, 1727–1735 | & 2008 European Molecular Biology Organization | All Rights Reserved 0261-4189/08

www.embojournal.org

&2008 European Molecular Biology Organization The EMBO Journal VOL 27 | NO 12 | 2008

 

EMBO
 

THE

EMBO
JOURNAL

THE

EMBO
JOURNAL

1727

http://dx.doi.org/10.1038/emboj.2008.106
http://dx.doi.org/10.1038/emboj.2008.106
mailto:irasnik@physics.emory.edu
http://www.embojournal.org
http://www.embojournal.org


assembly steps, and branch migration can be triggered by

adding Mg2þ to such a pre-assembled ring (Figure 1E). The

requirement of an ssDNA overhang not only allows us to load

the helicase to a defined arm, but also to prevent additional

helicases from loading onto the other arms. No branch

migration was observed without an ssDNA tail (data not

shown). The branch migration substrate contained two hor-

izontal DNA arms, both 30 bp long, which were homologous

except for the first base pair (base-pair positions in this paper

are measured with respect to the junction). The substrate

(HomoJ) was labelled with Cy3 (donor, D) and Cy5 (acceptor,

A) at the seventh position each by means of amino-dT’s. The

heterologous base pair at the first position creates a barrier

that prevents resolution of the junction by spontaneous

branch migration and sets a well-defined starting point for

the reaction. Using FRETone can resolve reaction progression

to within a few base pairs, about an order of magnitude

higher than in previous single-molecule studies of RuvAB

(Amit et al, 2004; Dawid et al, 2004; Dennis et al, 2004),

enabling us to examine the effect of small changes in DNA

sequence. For single-molecule FRET measurements, the DNA

molecules were tethered, through biotin-streptavidin linkers,

to quartz surfaces coated with polymer (polyethyleneglycol)

to eliminate nonspecific protein binding to the underlying

surface (Ha et al, 2002; Blanchard et al, 2004; Murphy et al,

2004). For bulk solution measurements, the substrates were

radiolabelled and time courses were measured using the

rapid chemical quenched-flow apparatus.

Figure 1E shows a typical branch migration reaction of

HomoJ as the intensity (and FRET efficiency) time traces of

the donor and acceptor signals for a single junction. The

immobilized substrates in a sample cell were incubated with

the helicase and dTTP in the absence of Mg2þ . This allows

binding of the helicase to the single-strand portion of the

substrate but dTTP hydrolyses is not possible. The reaction is

initiated by flowing Mg2þ into the sample cell. We observed

a slight FRET decrease when the reaction was initiated

followed by FRET increase to near 100% and then by FRET

decrease as branch migration proceeded, and finally loss of

fluorescence upon reaction completion and donor strand

release from the surface. Control experiments omitting pro-

tein or Mg2þ showed that the contribution of donor bleach-

ing was only about 6% in the first 20 s of all reactions studied

here (data not shown). As free protein in solution was

displaced from the sample cell when Mg2þ (and dTTP) was

added by means of the flow system, reaction from only the

pre-bound proteins was observed.

In contrast to the rapid branch migration of HomoJ, branch

migration of a fully heterologous junction with 30 bp arms

(HeteroJ) was negligible (data not shown). The active dis-
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Figure 1 Helicase-catalysed branch migration. (A–C) Schematic representation of the models discussed in this work. (A) Active disruption by
simultaneous unwinding of two arms. (B) For the active disruption model, extensive heterology can lead to inefficient unwinding, as only one
arm is being pulled. (C) The Brownian ratchet model involves junction opening and rapid spontaneous branch migration, which is biased by
the directional movement of the helicase. (D) Schematic representation of substrate and initial binding site. (E) Typical single-molecule FRET
intensity and FRETefficiency (blue curve) time traces for a branch migration reaction. Acceptor (A in the figure, Cy5) is in red and donor (D in
the figure, Cy3) in green. The fraction of molecules that show complete reaction is 57% (301 molecules out of 529 molecules in four
independent experiments), which is comparable to results in bulk solution. The segments and the scheme represent the different stages of the
reaction.
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ruption model predicts that the heterologous substrate should

be resolved, because helicase is actively disrupting the base

pairs. On the other hand, the Brownian Ratchet model pre-

dicts that branch migration will be severely inhibited in the

heterologous substrate. Because the heterology in the above

substrate extends to 30 bp, one can argue that the two strands

will be mechanically uncoupled and hence the interpretation

of the results of the above experiment is more complicated

and cannot distinguish between the two models. Therefore,

we designed alternate substrates with one or two base-pair

heterology. The active model predicts that a short stretch of

heterology, for example, one or two base pairs, should not

have any effect because the two strands in the loading arm

are still mechanically coupled. To explore the effect of mini-

mal heterology on the kinetics of branch migration, we

introduced a one base-pair heterology in the HomoJ by

switching a GC base pair at the fifth position in one of the

arms to CG (HomoJ/het5). The time it takes to complete the

branch migration reaction was determined from analyses of

the single-molecule trajectories (such as in Figure 1E) as the

time when the fluorescence signal disappears (end of red

double arrow in Figure 1E) after initiation with Mg2þ . To

make a comparison of single-molecule kinetics with that in

bulk solution, we counted the total number of molecules that

completed the reaction at a given time (Figure 2A, normal-

ized data), indicating product formation. This analysis

reveals that even a single base-pair heterology lengthens the

reaction time by about 300 ms (obtained from the difference

in the average times that it takes a molecule to complete the

reaction for each substrate). Quenched-flow measurements

on substrates without fluorescent labels also showed that an

extra heterology in the fifth or ninth position delays the

reaction (Figure 2B), and with more moderate effect when

the heterology is near the end of the arm (25th position).

Direct comparison of the kinetics of product formation from

single-molecule measurements and quenched-flow experi-

ments must take into consideration that in this latter type

of experiments the reaction is stopped by adding SDS and

EDTA. Addition of EDTA stops dTTP hydrolyses, but it also

sequesters Mg2þ . In the single-molecule experiments, Mg2þ

is present at all times. The more moderate effect of the

heterology in the 25th position shown for quenched-flow

experiments is possibly related to the fact that the heterology

is close to the DNA end and the low stability of the duplex

DNA with only five base pairs results in resolution by

spontaneous branch migration of a fraction of molecules

after the enzyme-catalysed reaction is stopped. The marked

effect of a single base-pair heterology in the resolution of

Holliday junctions indicates that the helicase is not destabi-

lizing the base pairs at the junction to a significant extent.

Instead, it suggests that spontaneous branch migration,

which is likewise significantly impacted by a single mis-
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Figure 2 Kinetics of the enzyme-catalysed branch migration reaction and effect of heterologies. (A) Product formation versus time for single-
molecule experiments measured as the number of molecules that completed the reaction at a given time, normalized by the total number of
molecules that complete the reaction and (B) bulk solution experiments. (C) Effect of heterologies on branch migration reactions. Histograms
of the times that molecules spend in the pre-high (left panel), high (central panel), and low (right panel) FRETstates, indicated in orange, blue,
and red, respectively (each stage is also indicated in Figure 1E). The results for HomoJ, HomoJ/het5, and HomoJ/het16/het17 (from top to
bottom) are shown. Roman numbers on the left indicate substrate schematics in Figure 3A.
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match, has a significant role in the helicase-catalysed migra-

tion process (Panyutin and Hsieh, 1993).

To locate the physical position in the substrate of the

kinetic barrier imposed by the heterology, we divided the

reaction time course (Figure 1E) of individual molecules into

three segments and measured the duration of each segment

for hundreds of molecules undergoing reaction: segment 1

before high FRET (yellow arrow), segment 2 with high FRET

(blue arrow), and segment 3 after high FRET (red arrow)

(Figure 1E). These segments correspond to different degrees

of ‘proximity’ of the fluorescent dyes. The division into three

regions is arbitrary and was chosen so that the time durations

can be measured reliably within our signal-to-noise levels.

The high FRET segment is defined as contiguous data points

with FRET values above 0.75, approximately corresponding

to the first 2–11 bp steps of reaction, based on the open

junction crystal structure in complex with RuvA (Ariyoshi

et al, 2000). To determine the time intervals for the different

stages of the reactions, individual traces were analysed (one

by one) using a Matlab code for visualizing, calculating FRET

efficiency, and storing time values by mouse clicking.

Increase in acceptor brightness when Mg2þ ions are flowed

inside the cell sample provides the starting point (time t¼ 0).

Two factors affect the accuracy in the determination of FRET

efficiency intervals, noise and slope of the FRET efficiency

change. Intervals were determined by clicking on the indivi-

dual time traces; under typical experimental conditions, the

beginning and the end of each interval were accurate within

one data point (based on the noise level and slope of FRET

efficiency change in the interval) that corresponds to ±30 ms

interval. The reproducibility of the time intervals statistics

distributions was tested by repeating each experimental con-

dition at least three times.

The time spent in the different segments from 120–200

molecules for each junction sequence is shown in Figure 2C.

As compared to the HomoJ substrate (I), introduction of a

heterologous base pair at the fifth position (Figure 3A, sub-

strate V, HomoJ/het5 with dyes at the seven position) in-

creases the duration of segment 2, but not the durations of

other segments. As high FRET is expected when the donor

and acceptor are within 4 bp of each other; the data suggest

that reaction stalls when the heterology has reached the

branch point. To test this interpretation further, we measured

a variant of HomoJ with consecutive heterologous base pairs

in the 16th and 17th positions (Figure 3A, substrate VI,

HomoJ/het16/het17 with dyes at the seventh position).

Dwell time analysis shows that only segment 3 experiences

significant effect of heterology (Figure 2C). In this substrate,

the donor and acceptor would move past each other and

reach an 18 bp separation by the time the additional hetero-

logous base pairs reach the branch point. These results

suggest that the slowed branch migration reaction is due to

a local kinetic barrier imposed by sequence heterology, as

opposed to a global effect.

It is also possible that the local kinetic barrier arises

because the single base-pair heterology becomes a bubble

(single base-pair mismatch) after the heterology has moved

past the branch point. To test if such a bubble would

affect the helicase progression, we introduced bubbles at

various locations (Figure 3A). Results from single-molecule

studies are summarized in Figure 3B, which compares

the time it takes for 50% of the molecules to react to
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completion. Bubbles themselves did not slow the overall

reaction time regardless of their positions, including when

they were introduced on the loading arm, whereas extra

heterologies did. We can conclude from the combined

results that the single base-pair heterology slows down the

overall reaction because it stalls the branch point migration,

not because of subsequent bubble formation inhibits

the reaction.

Spontaneous branch migration is strongly inhibited under

physiological conditions (Panyutin and Hsieh, 1994) because

the Holliday junction forms the stacked X structure (Joo et al,

2004). Therefore, spontaneous branch migration can have a

major role under physiological conditions only if the helicase

keeps the junction in the open, unstacked form. A DNA

substrate (MonoJ; Figure 4A) fluorescently labelled on adja-

cent arms can be used to observe such transitions between

different stacked conformations (McKinney et al, 2005) with

and without the helicase. In these experiments, we used

Ca2þ instead of Mg2þ and a heterologous sequence to assure

that the helicase remains bound to the substrate for an

extended time for observation (due to a decrease in the

branch migration rate). The addition of Ca2þ preserves the

junction folding dynamics, but it dramatically reduces the

dTTPase rate, hence reducing the extent of branch migration

reaction and allows looking at the folding conformational

dynamics of the junction for longer periods. In the absence of

protein, the junction is unfolded before Ca2þ addition (low

FRET), but begins to fluctuate between high and low FRET

states representing the two major stacked X conformations

upon Ca2þ addition (Figure 4B and C, top panels). No such

fluctuations were observed with the protein present (Figure

4B and C, bottom panels) except at later times, likely due to

protein dissociation. Superposition of the crystal structures of

T7 helicase and a Holiday junction (Figure 4D) supports the

idea that steric hindrance could significantly affect the junc-

tion’s folding dynamics. The protein keeps the junction in its

open form, which should facilitate spontaneous branch mi-

gration at a rapid rate.

If spontaneous branch migration indeed occurs during the

helicase-catalysed reaction, it may be possible to detect

forward and backward movements of the junction during

the reaction. If the helicase moves fast with respect to the

spontaneous branch migration stepping rate, it will always

reach the branch point to capture the forward steps before

significant migration in the backward direction has occurred.

The data under our standard conditions are consistent with

unidirectional movements of the branch point, that is, FRET

increase followed by its decrease (Figure 5A), which is

consistent with a monotonic progression of the branch

point. A step-by-step estimate of FRET efficiency values

(Figure 5B) calculated using available crystal structure of a

Holiday junction in the open form (Ariyoshi et al, 2000)

shows this monotonic increase followed by a monotonic

decrease in FRET efficiency. However, in experiments carried

out at a lower temperature (171C) and with higher time

resolution (8 ms), we observed more complex behaviour in

the FRET efficiency trajectories including multiple occur-

rences of FRET increase and decrease (Figure 5C). Such

time trajectories are consistent with the random walk of the

junction when the helicase is unable to catch up with the

branch point. This behaviour was observed in a wide range of

Mgþ 2 ion concentration (data not shown). Given the fast

observed dynamics, and the wide range of FRET efficiency

values observed for individual trajectories, it is highly un-

likely that these excursions correspond to folding dynamics

of the junction themselves or spontaneous branch migration

in the absence of protein. Decreasing the temperature reduces

both the translocation rate of the helicase and the stepping

rate of the spontaneous branch migration and allowed us to

observe the random excursions of the branch point.

To further explore the effect of temperature on the overall

reaction rate, we measured the temperature dependence of
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the branch migration activity of T7 in bulk phase and

compared with the temperature dependence of the dTTPase

activity and DNA unwinding activity (Figure 6). The unwind-

ing reaction has an identical activation energy (Figure 6A),

15 kcal/mol, as the dTTPase (Figure 6B) reaction whereas the

catalysed branch migration has much higher activation en-

ergy of 25 kcal/mol (Figure 6C), closer to that of spontaneous

branch migration reaction (Panyutin and Hsieh, 1994), sug-

gesting that junction reorganization, not base disruption, is a

major rate-limiting process.

The simplest model that explains our data is the Brownian

ratchet model where a random walk of the junction is aided

and biased by the helicase. When two base pairs are broken,

one each from the two downstream arms, they can either

reform as they were or reorganize to move the branch point

by a single base pair. If the broken base pairs are hetero-

logous, the latter reaction, which causes an energetically

costly product due to bubble formation, would lead to a

rapid back step. Therefore, branch migration over a hetero-

logous base pair would not occur until the translocating

helicase traps the transient branch point. The active model

in its pure form assumes that the branch migration kinetics is

essentially controlled by the helicase, which will keep push-

ing forward at its own translocation rate. The Brownian

ratchet model for catalysed branch migration of homologous

junctions proposes that the overall kinetics is dictated both by

the helicase translocation rate and the spontaneous branch

migration rate.

Discussion

It has been shown that helicases are able to exert consider-

able forces while translocating on the DNA (Morris and

Raney, 1999) and the possibility of disrupting the junction

through torque or force should be considered if there is

significant sequence heterology such that the helicase spends

considerable time right at the junction. The helicase is likely

to make active contributions to overcome heterologous bar-

riers, as has been suggested for the strand separation reaction

(Donmez et al, 2007; Johnson et al, 2007). However, branch

migration in the bacterial homologous recombination likely

occurs between nearly, if not completely, identical sequences.

In these physiologically relevant contexts, the spontaneous

branch migration stepping would be faster than helicase

translocation such that the helicase rarely encounters a static

junction to exert force on. Our experiments strongly suggest

that for homologous junctions all the essential aspects of the

reaction and the experimental observations are accounted for

by the Brownian ratchet model. Conversely, many of the

experimental observations cannot be explained by a purely

active model. Because a ring helicase alone can unfold the

junction without contacting the central bases, the main role

of RuvA in RuvAB may not be in the junction opening. RuvB

can catalyse branch migration of homologous junction but

requires RuvA for branch migration of DNA with extensive

sequence heterology (Adams and West, 1996). In such cases,

RuvA may prevent the dissociation of RuvB such that RuvB

exerts the necessary force to overcome heterology.

Our experiments cannot determine unequivocally if there

is a component of the energy obtained from dTTP hydrolyses

that is being utilized in base disruption at the junction. Our

results show conclusively though that even under slow

hydrolysis rates and presence of divalent ions, helicase bind-

ing strongly affects junction conformational dynamics. Our
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case determined from bulk solution experiments. (A) Pre-steady-
state DNA unwinding rate. (B) M13 ssDNA-stimulated dTTPase rate.
(C) Branch migration reaction.
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experiments also show the presence of random excursions of

the branch point, a stronger temperature dependence of the

reaction rate than for dTTPase rate or unwinding kinetics and

that a single base-pair heterology has a profound effect on the

reaction rate. We have also shown that the formation of

bubbles (expected after migration of heterologous pairs)

does not slow down the reaction in itself and that reduction

of reaction rate due to heterologies is local. All these con-

stitute strong evidence that spontaneous branch migration

has a fundamental role in the enzyme-catalysed branch

migration reaction, that base-pair disruption is not limiting

for the overall reaction and that the main role of the helicase

is to allow the junction to undergo spontaneous branch

migration.

Previous single-molecule studies (Dawid et al, 2004) have

determined that the rate of RuvAB-catalysed branch migra-

tion for homologous junctions is 20–30 bp/s, a rate compar-

able to the 27 bp/s average rate obtained in our experiments

(to eliminate the effect of the heterologous barrier on the

homologous branch migration rate, we determine the average

duration for the second and third segments of the reaction in

Figure 2C). It has been shown that the presence of a single

heterology inhibits three-fold the initial rate of branch migra-

tion by Rad54 (Bugreev et al, 2006), an enzyme with branch

migration activity. These results suggest that the Brownian

ratchet model may be a general mechanism for branch

migration enzymes.

Lifting the conformational ban on branch migration

coupled with unidirectional translocation may be a general

mechanism for ring helicase-catalysed branch migration and

should be applicable to branch migration by two helicase

rings operating on two opposing arms with up to a factor of 2

increase in branch migration rate. This mechanism is appeal-

ing in its generality, as it does not invoke any specific

interaction of the helicase with the junction. The simplicity

and power of our model together with the recent observations

of alternative roles of helicases shows that unidirectional

translocation itself is an essential component that

allows these enzymes to perform a variety of functions

(Jankowsky et al, 2001; Krejci et al, 2003; Veaute et al,

2003; Byrd and Raney, 2004; Myong et al, 2005) and suggests

how higher degrees of specialization can arise from a general

common mechanism. Finally, we note that the hexameric

helicase in T4 phage is involved in recombination-dependent

replication (Kreuzer, 2000) and the T7 helicase may have a

similar role in DNA replication. In addition, T7 helicase may

have a role in restarting arrested replication forks by con-

verting blocked replication forks into double-stranded tailed

structures, which requires branch migration activity (Heller

and Marians, 2006).

Materials and methods

Protein, nucleotides, buffer, and oligonucleotides
The gp4A0 (T7 helicase) is an M64L mutant of T7 helicase-primase
protein that was overexpressed in Escherichia coli and purified
as described previously (Patel et al, 1992; Hingorani and Patel,
1996). dTTP was purchased from Sigma Chemicals. Buffer
A (50 mM Tris/Cl (pH 7.6), 40 mM NaCl, and 10% (v/v) glycerol)
was used unless specified otherwise. Quenching solution consisted
of 100 mM EDTA, 0.4% (v/v) SDS, and 20% glycerol. The
oligodeoxynucleotides were purchased from Intergrated DNA
Technologies (Coralville, IA).

Bulk kinetic measurements
Quenched-flow experiments of branch migration were performed
using the same procedures described for the DNA unwinding
experiments by the T7 helicase (Jeong et al, 2004). T7 helicase
(200 nM), EDTA (5 mM), dTTP (2 mM), and 50-32P-end-labelled
DNA (5 nM) were rapidly mixed with an equal volume of MgCl2
(13 mM), dTTP (2 mM), and dT100 trap DNA (3mM) in the rapid
chemical quench-flow instrument. After pre-determined times, the
reactions were stopped with the quenching solution, and the DNAs
were resolved by electrophoresis on a 4–20% gradient non-
denaturing polyacrylamide gel. The radioactivity was quantified
using the Phosphorimager (Molecular Dynamics Inc.).

The temperature dependence of unwinding and branch migra-
tion was measured on the rapid chemical quenched flow, as
previously described. The unwinding kinetics were obtained using a
forked substrate carrying a dT35 50-tail to load the helicase, a dT15
30-tail to exclude the displaced strand from the central channel, and
a 30 bp duplex region. Kinetic time courses of unwinding were
obtained at 4, 22, and 301C. Kinetic time courses of branch
migration were obtained using HomoJ Holliday junction substrate
at 8, 10, 15, 18, 20, 22, 24, and 281C.

The temperature dependence of steady-state dTTP hydrolysis
was measured as previously described (Liao et al, 2005). T7
helicase (20 nM), EDTA (5 mM), dTTP (2 mM), and single-stranded
phage m13 DNA (1.5 nM) were mixed with an equal volume of
MgCl2 (13 mM) and dTTP (2 mM, spiked with [a-32P]dTTP). After
pre-determined times, the reactions were stopped with 4 N formic
acid and the products were resolved by thin-layer chromatography.
The radioactivity was quantified using the Phosphorimager
(Molecular Dynamics Inc.). The kinetic time courses of dTTPase
were obtained at 4, 12, 18, 25, and 301C.

An Arrhenius plot was generated for each of the three activities, by
plotting the natural logarithm of the reaction rates (lnk) as a function of
the inverse of temperature (in kelvin). The activation enthalpy of the
reaction (Ea) was obtained by multiplying the slope of the line with R
(the universal gas constant, assumed to be 1.987cal/K/mol).

Single-molecule experiments
The sample cell consists of a channel between a quartz slide and a
glass coverslip with approximate dimensions of 5� 20� 0.1 mm3

and two 1 mm diameter holes on the slide for flow exchange. A
syringe needle is glued to the inlet hole and connected with tubing
to a syringe mounted on a syringe pump controller. This system
allows for synchronized initiation of reactions with simultaneous
observation of about 200 molecules with a CCD camera (iXon,
Andor). The experiments were performed with 30 ms time
resolution using total internal reflection excitation with a 532 nm
laser and dual view imaging. First, junctions are immobilized to a
polymer-coated surface by means of biotin-streptavidin. Next,
300 nM (hexamer) T7 helicase, 2 mM dTTP, and Mg2þ -free solution
is added and incubated for 10 min. Experiments were carried out on
buffer A with the addition of 0.4% w/v glucose, enzymatic oxygen
scavenging system, and 1% v/v 2-mercaptoethanol or Troloxs as
triplet quencher for single-molecule imaging (Rasnik et al, 2006).
After the pre-incubation period, data were taken for about 5 s before
the flow system delivers a buffer containing both dTTP and Mgþ 2

but no protein at a rate of 1 ml/min. The effective starting point of
the reaction is determined by the slight increase in the average
brightness of the fluorescent dyes with Mgþ 2.

DNA sequences and labelling
DNA strands were obtained from Integrated DNA Technologies and
further purified using PAGE. For strands requiring internal labelling with
fluorescent dyes (Cy3 or Cy5), the amino-modified form of the oligo-
nucleotide was purchased (internal amino modifier C6 dT (iAmMC6T)).

Internal labelling of the single-strand amino-modified oligonu-
cleotides was performed using monoreactive Cy3 (b strand) or Cy5
(r strand) NHS-ester (Amersham Biosciences) as follows: 0.2 mg of
the monoreactive fluorescent dye was dissolved in 15 ml DMSO and
mixed with 1–4 mM DNA (final concentration of amino groups) in
85 ml of 0.1 M sodium tetraborate buffer (pH 8.5). The reaction
mixture was incubated at room temperature for 6 h and left
overnight at 41C. The excess dye was removed by ethanol
precipitation of the DNA. The labelled DNA was further separated
from the unlabelled fraction by PAGE purification.

Holliday junction substrates were formed by first annealing
strands h and r in one vial and strands b and x in another vial
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(10 mM Tris pH 8.0, 50 mM NaCl), and then by mixing the contents
of the two vials overnight at room temperature.

For quenched-flow studies, the DNAs were purified on a 15%
polyacrylamide gel/8 M urea run in TBE buffer. The major DNA
band was excised and the DNA was electroeluted using an Elutrap
apparatus (Schleicher & Schuell). The 50-strand of the fork DNA was
radiolabelled with 32Pi using [g-32P]ATP (Amersham Pharmacia
Biotech) and T4 polynucleotide kinase (New England Biolabs). The
radiolabelled helicase substrate was prepared by mixing the 50-
strand with a 1.5-fold excess of the complementary non-radio-
labelled 30-strand. The DNA mixture was heated at 951C for 5 min
and allowed to slowly cool down to room temperature.

The sequences are as follows:

HomoJ. h: 50 TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TCC
GGT CAA CCG TAG CAG CAC GAG CGA AGG GCG AAC GCT TAT
GAG CTC AT 30.

r: 50 ATG AGC TCA TAA GCG TTC GCC CT/iAmMC6T/CGC TCG
CCT CAA CTG GGA CCG TTT CGT GAC G 30.

b: 50 ATG AGC TCA TAA GCG TTC GCC CT/iAmMC6T/CGC TCC
TGC TGC TAC GGT TGA CCG GA 30.

x: 50Biotin CGT CAC GAA ACG GTC CCA GTT GAG GGG AGC
GAA GGG CGA ACG CTT ATG AGC TCA T 30.

HomoJ/het5. Strands b and x were the same as HomoJ.
h: 50 TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TCC GGT

CAA CCG TAG CAG CAC GAG GGA AGG GCG AAC GCT TAT GAG
CTC AT 30.

r: 50 ATG AGC TCA TAA GCG TTC GCC CT/iAmMC6T/CCC TCG
CCT CAA CTG GGA CCG TTT CGT GAC G 30.

HomoJ/het16/het17. Strands b and x were the same as HomoJ.
h: 50 TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TCC GGT

CAA CCG TAG CAG CAC GAG CGA AGG GCG AAG CCT TAT GAG
CTC AT 30.

r: 50 ATG AGC TCA TAA GGC TTC GCC CT/iAmMC6T/CGC TCG
CCT CAA CTG GGA CCG TTT CGT GAC G 30.

Bubble substrates
Substrate numbers correspond to assignment in Figure 3. Strands h
and x were modified to create single base-pair mismatches

(bubbles) at both sides of the junction (substrates II and III).
Strand h was modified to create a single bubble in substrate IV.

Substrate II. h: 50 TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT
TCC GGT CAA CCG TAG CAG TAC GAG CGA AGG GCG AAC GCT
TAT GAG CTC AT 30.

x: 50Biotin CGT CAC GAA ACG GTC CCA GTT GAT GGG AGC
GAA GGG CGA ACG CTT ATG AGC TCA T 30.

Substrate III. h: 50 TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT
TCC GGT CAA CCG TAT CAG CAC GAG CGA AGG GCG AAC GCT
TAT GAG CTC AT 30.

x: 50Biotin CGT CAC GAA ACG GTC CCA GTT GAG GGG TGC
GAA GGG CGA ACG CTT ATG AGC TCA T 30.

Substrate IV. h: 50 TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT
TCC GGT CAA CCG TAG CAG CAC TAG CGA AGG GCG AAC GCT
TAT GAG CTC AT 30.

MonoJ. The notation for the strands is different, because the dyes
are on adjacent arms.

h: 50 Cy3-CCG TAG CAG CAC GAG CGG TGG G 30.
r: 50 Biotin-CCC ACC GCT CGT CTC AAC TGG G 30.
b: 50 Cy5-CCC TAG CAA GTT GCT GCT ACG G 30.
x: 50 TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT CCC AGT

TGA GAA CTT GCT AGG G 30.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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