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Available online single-stranded DNA (ssDNA) that forms due to thermal fraying. Here,
11 April 2012 we show that Dda translocates unidirectionally on ssDNA at the same

rate at which it unwinds double-stranded DNA in both ensemble and
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case of Dda, the average DNA unwinding velocity was 257+42 bp/s, and
the average translocation velocity was 267 +15 nt/s. The V;;,/ Vizans value
of 0.96 places Dda in a unique category of being an essentially “perfectly”
active helicase.
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Introduction

Helicases are enzymes that unwind double-
stranded DNA (dsDNA) to provide the single-
stranded DNA (ssDNA) intermediates necessary

*Corresponding authors. E-mail addresses: for virtually every phase of nucleic acid (NA)
vincent.croquette@lps.ens.fr; raneykevind@uams.edu. metabolism, reviewed in Refs. 1-3. They are
Abbreviations used: dsDNA, double-stranded DNA; ubiquitous, and most organisms encode multiple
ssDNA, single-stranded DNA; NA, nucleic acid; dsNA, helicases for involvement in different cellular
double-stranded nucleic acid. processes. Canonical helicases use the energy of

0022-2836/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.


mailto:vincent.croquette@lps.ens.fr
mailto:raneykevind@uams.edu
http://dx.doi.org/10.1016/j.jmb.2012.04.007
http://www.sciencedirect.com/science/journal/00222836

142

Dda Is an Optimally Active Helicase

NTP hydrolysis to fuel unidirectional translocation
on NAs and concomitant unwinding of duplex
NA.

Whether the helicase physically interacts with and
melts the double-stranded nucleic acid (dsNA), an
active mechanism, or whether the helicase traps
partially melted NA, a passive mechanism, is a
fundamental characteristic of helicase-catalyzed NA
unwinding.* In an active mechanism, the helicase
physically interacts with the dsNA resulting in
unzipping of the duplex. For a passive helicase,
the activation energy required to unwind dsNA is
high, resulting in the rate-limiting step being
unwinding. Therefore, the ratio between unwinding
and translocation rates can be used to determine
whether a helicase is active or passive.” An active
helicase will unwind dsDNA and translocate on
ssDNA at similar rates. A passive helicase will
display a lower rate for unwinding than transloca-
tion; of course, a helicase may display intermediate
behavior that can be quantified by the strength of
the destabilizing energy melting the DNA. Since
increasing the GC content of a duplex increases the
activation energy required only if unwinding is rate
limiting, comparison of the rates of unwinding with
high and low GC content duplexes can be used to
determine whether a helicase is active or passive.
For a passive helicase, the unwinding rate will
decrease with increasing GC content in the NA.

Dda is a helicase from bacter1ophage T4 involved
in early events in DNA repl1cat1on It is not essential
for growth of the phage but is involved in origin-
dependent replication and aids in recombination by
increasing the rate of branch migration catalyzed by
the T4 recombinase UvsX.” It has been suggested to
translocate unidirectionally, but the rate of translo-
cation has not been measured. Jongeneel et al.
investigated the directionality of translocation
using partially duplex DNA substrates with e1ther
a 3'-ssDNA or a 5'-ssDNA adjacent to the duplex.®
Dda could unwind substrates with a 5’-ssDNA
overhang but not a 3’-ssDNA overhang, suggesting
5’-to-3’ translocation. Raney and Benkovic studied
the effect of a streptav1d1n block on the kinetics of
ATP hydrolysis by Dda.” A 5'-streptavidin block
had no effect on the ATPase kinetics while a 3'-
streptavidin block reduced the K,,, for DNA, suggest-
ing translocation in the 5’-to-3’ direction. Morris and
Raney showed that Dda is able to displace strepta-
vidin from 3’-biotinylated oligonucleotides but not
from 5'-biotinylated oligonucleotides, again su§gest—
ing translocation in the 5'-to-3’ direction.’
kinetics of unwinding and protein displacement by
Dda have been extenswely studied. Dda does not
form stable oligomers'' and has been shown to
unwind DNA as a monomer,'” albeit with low
processivity.'> The processivity increases when
multiple Dda molecules are bound to the substrate
although the rate of unwinding remains similar. "

Dda d1sE>laces proteins from ssDNA'*'® and from
dsDNA. Dda interacts primarily with the translo-
case strand;'” however, it also appears to interact
with the displaced strand during specific steps of the
unwinding mechanism.

In this report, we determined the kinetics of Dda's
interactions with ssDNA. We show that the unidi-
rectional translocation rate on ssDNA is very similar
to the rate of unwinding of dsDNA, indicating that
Dda is an active helicase. This is further supported
by the result that Dda is insensitive to the GC
content of short duplexes during unwinding and to
the applied force during unwinding under single-
molecule conditions.

Results

Dda associates with DNA at near-diffusion-
controlled rates

For Dda helicase, the rate of unwinding'>'® and
protein displacement'*'>'® and the equilibrium
binding constants for various DNA substrates''*'*
have been well studied. However, the rates at which
Dda binds to, dissociates from, and translocates on
ssDNA have not been investigated.

When Dda is rapidly mixed with ssDNA, the
fluorescence change in tryptophan is biphasic and can
be fit with a double exponential as shown in Fig. 1a.
The second phase of the reaction is independent of the
concentration of DNA, while the rate of the first phase
increases as the DNA concentration increases, indi-
cating that the first phase is association of DNA and
Dda (Table S1). The slower second phase likely
represents a slow isomerization. The rates of Dda
association with increasing concentrations of
poly(dT) are plotted in Fig. 1b. The second-order
association constant obtalned from the slope of the
lineis 1.66x 10°M ™" s~ !, which indicates that this rate
is close to diffusion controlled (108-10° M~ ts7h).

Measurement of the rate constant for Dda
dissociation from circular DNA

In order to determine the spontaneous dissocia-
tion rate constant in both the presence and the
absence of ATP, and therefore the effect of ATP
binding and hydrolysis on dissociation, we used a
circular DNA species. This prevents Dda from
translocating off the end of an oligonucleotide and
affecting the observed dissociation rate constant.
The fluorescence of Dda is significantly different
when bound to DNA wversus heparin; thus, heparin
serves an effective trap (Fig. S1). Dda was pre-
incubated with M13 ssDNA and rapidly mixed with
heparin in the absence (Fig. 2a) or presence (Fig. 2b)
of ATP. The rapid fluorescence increase is
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Fig. 1. Measurement of the rate of Dda association with
DNA. (a) The fluorescence change for 200 nM Dda
association with 6 pM poly(dT), in nucleotides, is plotted.
Data were fit to a double exponential. The observed rate of
association (first phase) is 163+20s™ Lat6 uM poly(dT), in
nucleotides [1 uM poly(dT), in binding sites]. The second
phase (shown in inset) remains constant as the poly(dT)
concentration increases (Table S1) and likely represents a
slow conformational change. (b) The rate of association
(first phase) increases linearly with increasing poly(dT)
concentration. Data were plotted with the poly(dT)
concentration in 6mers since Dda is known to have a 6-nt
binding site size'® and was fit to a line using KaleidaGraph
software. The slope of the line, 1.66x 108 M~ 571,
represents the association rate constant.

dependent only on the presence of DNA (Table
S2), suggesting that it represents dissociation of
Dda from DNA. The fluorescence change was fit to
a single exponential. Dda dissociates from circular
DNA at 1.12+0.04 s~' in the absence of ATP and
at 1.94+0.03 s in the presence of ATP. This
suggests that the binding and hydrolysis of ATP
causes only a slight increase in the rate constant
for dissociation from internal sites on ssDNA. The
dissociation rate was independent of the heparin
concentration, indicating that heparin binds to Dda
rapidly and that the concentration of heparin used
is sufficiently high for the rate to be independent
of heparin concentration (Table S2).

Measurement of the rate constant for Dda
dissociation from varying length
oligonucleotides

In the presence of ATP, the dissociation rate constant
decreases as the length of the DNA increases (Fig. 3a).
The rate constants are faster for oligonucleotides than
for circular DNA and increase as the length of the
substrate decreases, presumably due to translocation
off the end of the substrate. As the length of the
oligonucleotide increases, the helicase has a longer
distance to translocate, assuming that Dda binds
randomly to each substrate. Since the dissociation
rate constant is inversely proportional to the length of
the oligonucleotide [Eq. (1)], translocation is unidirec-
tional, and the velocity of translocation on ssDNA
(Virans) is equal to one-half the inverse slope of the 1/k4.
end versus L—4 plot (Fig. 3b). Dda dissociation from
linear DNA is faster in the presence of ATP than in the
absence of ATP due to translocation off the end of the
oligonucleotide (Fig. S2). For very short oligonucleo-
tides that are close to the length of the binding site size
(6 nt), " the relationship between the dissociation rate
constant and the DNA length is nonlinear. The ends of
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Fig. 2. Measurement of the dissociation rate constant
for Dda from circular DNA. The intrinsic dissociation of
Dda (200 nM) from M13 ssDNA (2.4 uM, in nucleotides)
was measured in the absence (a) and in the presence (b) of
ATP by rapidly mixing with heparin. The obtained
dissociation rate constants were 1.12+0.04 s™' in the
absence of ATP and 1.94+0.03 s~ ' in the presence of ATP.
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Fig. 3. Measurement of the rate constant for dissociation
of Dda from oligonucleotides of increasing length. (a) The
change in fluorescence of Dda (200 nM) as it dissociates from
2.4 uM oligonucleotide of increasing length in the presence
of ATP is plotted. The rate constants obtained from single-
exponential fits were 26.3+1.1 s™', 22.6+1.8 s™', 164+
0.8 s7', 13.6+28 s7', 12.1+0.6 s™, and 8.7+0.4 s™! for
dissociation from the 15mer, 30mer, 38mer, 45mer, 52mer,
and 60mer, respectively. (b) The inverse of the rate constant
for dissociation from the end of the oligonucleotide, kj_eng, is
plotted versus the length of the substrate, adjusted for
binding site size. Only oligonucleotides of at least 30 nt in
length are included in the fit. One-half the inverse slope of
the resulting line provides a velocity of translocation by Dda
of 252+11 nt/s. The fit was constrained through the origin
to constrain kq., to the value measured in Fig. 2b.

the substrate appear to affect the observed dissociation
rate constant for very short DNA strands (Figs. 3b, 4b,
and 5b). For this reason, oligonucleotides less than 30 nt
in length are not included in the fits.

The linear relationship between the observed
dissociation rate constant and the oligonucleotide
length suggests that Dda translocates unidirection-
ally. For unidirectional translocation, the dissocia-
tion rate constant is inversely proportional to the
length of the DNA.' If the helicase were to
translocate bidirectionally, the dissociation rate
constant would be inversely proportional to the
square of the length.'””" The data indicate that

Dda translocates unidirectionally at a velocity of
252+11 nt/s. Although these results do not
indicate the direction of translocation, these results
are consistent with previous results suggesting that
Dda translocates in the 5’-to-3’ direction.® "
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Fig. 4. Change in tryptophan fluorescence as a function
of oligonucleotide length with homopolymeric oligonu-
cleotides. (a) The change in fluorescence of 200 nM Dda as
it dissociates from 2 pM (in nucleotides) dT;o, dTys, dT5g,
dT30, dT40, dT55, dT85, and dT100 is plotted The observed
dissociation rate constants, obtained by fitting to a single
exponential, were 35.0+0.4s™ 1283+03s 12684035},
224+03s1,16.6+025",13.7+0257",8.7+0.1 s, and
7.8+0.1 s~! for dissociation from dT;o, dTys, dTso, dTso,
dT,, dTss, dTss, and AT, respectively. (b) The inverse of
the rate constant for dissociation from the end of the
oligonucleotide, kq.ena, Which is equal to the observed
dissociation rate constant minus the intrinsic dissociation
rate constant (Fig. 2b), is plotted versus the length of the
substrate, adjusted for binding site size. Only oligonucle-
otides of at least 30 nt in length are included in the fit. One-
half the inverse slope of the resulting line provides a
translocation velocity of 264+10 nt/s. The fit was
constrained through the origin to constrain kg, to the
value measured in Fig. 2b.
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Fig. 5. Change in tryptophan fluorescence as a function
of oligonucleotide length with homopolymeric oligonucle-
otides under conditions where the substrate concentration is
in vast excess. (a) The change in fluorescence of 50 nM Dda
as it dissociates from 3 pM (in nucleotides) dT;q, dTys5, dT5g,
dT30, dT40, dT55, dT85, and dTlOO is plotted The observed
dissociation rate constants obtained by fitting to a single
exponential were 44.1+1.0s™",347+1.0s™!,27.2+0.8s ',
2384055 ', 164+0.7s ', 13.0+045 ", 81+025s !, and
6.3+0.2 s™! for dissociation from dTyo, dTis, dTag, dTs0,
dT,, dTss, dTss, and dTyqo, respectively. (b) The inverse of
the rate constant for dissociation from the end of the
oligonucleotide, k4q.enq, Which is equal to the observed
dissociation rate constant minus the intrinsic dissociation
rate constant (Fig. 2b), is plotted versus the length of the
substrate, adjusted for binding site size. Only oligonucleo-
tides of at least 30 nt in length are included in the fit. One-
half the inverse slope of the resulting line provides a
translocation velocity of 287+13 nt/s. The fit was con-
strained through the origin to constrain kg, to the value
measured in Fig. 2b.

Measurement of the rate constant for Dda
dissociation from homopolymeric
oligonucleotides

In order to ensure that there are no sequence-
dependent effects on the translocation velocity, we
performed a similar experiment with homopoly-

meric DNA (Fig. 4). The resulting translocation
velocity of 264+10 nt/s is very similar to the
velocity obtained with mixed sequence oligonucle-
otides, indicating that Dda is not sensitive to the
sequence of the substrate. As with the mixed
sequence oligonucleotides, the relationship be-
tween the dissociation rate constant and the
DNA length is not linear for oligonucleotides less
than 30 nt in length. This could be due to the ends
of the DNA affecting the observed dissociation
rate. Since dissociation is fastest from short
oligonucleotides, any affects due to the ends of
the oligonucleotides will have the most impact on
the observed dissociation rate from short oligonu-
cleotides. Since the rate constant for dissociation
from the end of the oligonucleotide is proportional
to the length of the substrate for oligonucleotides
of at least 30 nt, only these substrates are included
in the fit.

Although the number of Dda binding sites is in
excess of the Dda concentration in these experi-
ments, more than one Dda molecule can be bound
to the ssDNA at the concentrations in these
experiments. Thus, the concentration of DNA
was increased to decrease the likelihood of
multiple enzymes binding to each DNA substrate.
With a 10-fold excess of enzyme binding sites, the
translocation velocity is 287+13 nt/s (Fig. 5b)
using the data from oligonucleotides of at least
30 nt in length. This is in close agreement with the
translocation velocities obtained earlier, indicating
that the multiple Dda molecules were not influenc-
ing each other in the translocation experiments.

Measurement of the velocity of Dda translocation
on fluorescein-labeled oligonucleotides

We further investigated the ability of Dda to
translocate in a unidirectional manner using a
fluorescence assay developed by Dillingham et al.*
Dda was pre-incubated with 3’-fluorescein-labeled
oligonucleotides. Upon mixing with ATP, an
initial decrease in fluorescence was followed by
an increase (Fig. 6a). The initial decrease was
interpreted to be the result of Dda translocation
toward the fluorophore. The subsequent increase
in fluorescence most likely results from Dda
translocating off the end of the oligonucleotide.
Re-initiation of translocation was prevented by the
addition of poly(dT). The time to maximal
fluorescence quenching is proportional to the
length of the oligonucleotide, indicating that the
initial decrease in fluorescence corresponds to
translocation (Fig. 6b). The inverse of the slope
of the line is 266+37 nt/s, which is consistent
with the translocation velocity determined from
the dissociation experiments. The average translo-
cation velocity obtained for Dda from the data in
Figs. 3-6 is 267+15 nt/s. This is nearly identical
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Fig. 6. Translocation of Dda along fluorescein-labeled
oligonucleotides of various lengths. (a) The change in the
fluorescence of 3’-fluorescein-labeled oligonucleotides of
varying length was monitored after a 515-nm-cutoff filter
in the presence of ATP. The initial decrease in fluorescence
was determined to correspond to the translocation of Dda.
(b) The time to the maximal fluorescence change is plotted
versus the length of the oligonucleotide. The translocation
velocity was determined to be 266 +37 nt/s by the inverse
slope of a linear fit.

to the published unwinding velocity for Dda, 273 +
43 bp/s. 1318 Gince the translocation velocity, Virans,
is the same as the published unwinding velocity,
Vun, Dda is an active helicase using the practical
definition recently put forth by Manosas et al.”

Dda unwinding is not affected by the GC content
of the duplex

Active versus passive helicase mechanisms can be
evaluated by comparing the velocity of unwinding
of substrates with increasing GC content. The
velocities for unwinding by passive helicases are
more sensitive to increasing GC content than those
by active helicases. The velocity of unwinding by
Dda of a 16-bp duplexes of varying GC content
was investigated in order to determine whether
unwinding by Dda is affected by the stability of the

duplex. Unwinding reactions were performed at
25 °C (Fig. 7a and b) and 20 °C (Fig. 7c and d).
When the GC content of the duplex is increased
from 50% to 100%, a noticeable increase in the lag
phase occurs, and the number of steps required to
unwind the substrate increases from 2 to 4 (Fig. 7b
and d). The increased number of steps needed to
melt the duplex results from the increased stability
of the high GC substrates relative to the low GC
substrates. For each substrate, the data were fit to
an n-step sequential mechanism (Scheme 1),*! with
the minimum number of steps (1) required to
provide a fit of the data. The resulting n values
were 2 for the 50% GC substrate, 3 for the 69% and
81% GC substrates, and 4 for the 100% GC
substrate. Although the number of steps required
to unwind the duplex increases when the stability
of the duplex increases, V,, remains relatively
constant (Table 1) at both 20 °C and 25 °C. If Dda
unwinding was affected by the GC content of the
duplex, increasing GC content would result in a
decrease in the unwinding velocity, which was not
observed. This indicates that Dda is not affected by
the GC content of the duplex. Table 2 shows the
translocation and unwinding velocities obtained
under various conditions. The average transloca-
tion and unwinding velocities are nearly identical,
also indicating that Dda is an active helicase.

The substrate containing 100% GC in the duplex
exhibited an additional phase in the unwinding
curve. The unusual peak in the reaction progress
curve that appears at around 50 ms (Fig. 7b,
triangles) indicates formation of an intermediate. A
similar intermediate was previously described for
unwinding of substrates containing 24 and 28 bgp but
not for substrates containing 16 or 20 bp.'® The
intermediate was interpreted to be the result of
several fast steps in the unwinding reaction followed
by a slow rate-limiting step. The intermediate only
appeared for those substrates that resulted in lag
phases requiring more than three kinetic steps. The
16- and 20-bp substrates described previously
required only three kinetic steps to fit the lag phase
because these substrates did not have relatively high
GC content. In the current report, three of the
substrates used here result in unwinding curves
that can be described by kinetic mechanisms of two
steps (50% GC) or three steps (69% GC and 81% GC).
However, the unwinding curve for the substrate
containing 100% GC content is best described by a
model that includes four kinetic steps. Hence, the
appearance of the intermediate is consistent with the
increased number of steps needed to unwind the
substrate containing 100% GC content, just as
reported previously for unwinding of 24- and 28-
bp duplexes.'® The increase in number of steps
needed for unwinding is a result of the increased
stability of the duplex, which is determined by the
GC content and the length of the duplex.
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Fig. 7. Unwinding of 16-bp duplexes of varying stability by Dda. (a and b) Unwinding of 10 nM partial duplex
substrates of varying stability by 100 nM Dda at 25 °C. Data were fit using KinTek Explorer® to Scheme 1. The velocities
of unwinding were 205+26 bp/s, 232+16 bp/s, 231 +10 bp/s, and 234 +27 bp/s for unwinding of 50%, 69%, 81%, and
100% GC substrates, respectively. (c and d) Unwinding of the same substrates at 20 °C. The velocities for unwinding were
143+8 bp/s, 151+9 bp/s, 148+8 bp/s, and 185+21 s~ ! for unwinding of 50%, 69%, 81%, and 100% GC substrates,

respectively.

Single-molecule unwinding and translocation

Single-molecule helicase assays were conducted
with magnetic tweezers using a 1.2-kb DNA
hairpin specifically attached between a glass
surface and a micrometer-sized magnetic bead**
as a substrate. The hairpin contains a dsDNA stem
of 1139 bp, ending with a four-T loop on one side.
At the other end is a fork; one arm of the fork is a
5'-biotinylated 76-base ssDNA. The other contains
10 nt of ssDNA and 150 bases of duplex DNA
labeled with digoxigenin on the 3’-end. The
magnetic field gradient generated by two perma-
nent magnets produces a strong vertical force
whose magnitude is controlled by adjusting the
magnet's position relative to the sample. Dda

Ky Ky Ky

ES — I, —

lkd lkd

unwinding of the fork junction results in a gradual
increase in the molecule extension, corresponding
to the gain of two bases for each base pair
unwound. The helicase concentration was very
low (about 250 pM) so that each unwinding event
is the result of a single enzyme action.

In the presence of saturating ATP, unwinding
bursts are observed (Fig. 8a—c). They all start with an
unwinding phase of a few hundred base pairs. After
the unwinding phase, two scenarios are possible: a
quasi-instantaneous rezipping of the hairpin due to
the helicase dissociation (Fig. 8a) or a slow rezip-
ping, with a velocity comparable to the unwinding
velocity (Fig. 8b). Combinations of these different
phases occurred frequently. This is dependent on
the force used to pull the hairpin; slow rezipping is

ky
—> ssDNA

— I4.1

e

Scheme 1. n-step sequential mechanism for fitting unwinding data.
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Table 1. The unwinding velocity is insensitive to the GC
content of the duplex

at 25 °C at 20 °C
b kun Vun kun Vun
GC (%) 42 L"Mp) () (p/s) (') (bp/s)
50 2 10 68.2 205 47.7 143
69 3 818 87.0 232 56.7 151
81 3 8 86.6 231 55.4 148
100 4 6 935 234 74.0 185

a

n is the number of steps in the unwinding mechanism
(Scheme 1).
® L, is the number of base pairs that spontaneously melt.'®

absent at 5 pN, and at forces higher than 8 pN, slow
rezipping constitutes about 10% of the total events
observed. The unwinding speed is uniform, and
unwinding events are often interrupted by partial
rezipping corresponding to the helicase slipping
backwards by tens to hundreds of base pairs as
evidenced by a rapid re-annealing of the hairpin
fork (Fig. 8c). The helicase resumes unwinding after
such slippage events. Slippages are observed even at
very low helicase concentrations, implying that the
same enzyme is involved in both events, since
dissociation followed by rapid binding is not
possible at these low concentrations. During this
slippage, the enzyme keeps a contact with DNA
since it can regain its grip on ssDNA and resume
unwinding. Such behavior is easier to understand
for a hexameric enzyme such as the T7 gp4 helicase
that encircles ssDNA* than for a monomeric
enzyme such as Dda, especially since other non-
hexameric helicases such as UvrD and RecQ rarely
slip during unwinding.** During its course of
unwinding, Dda may also interact with the dis-
placed DNA strand, resulting in a strand-switching
event, characterized by translocation reducing the
ha1rp1n re-annealing as observed previously in
UvrD.?* The hairpin fork then does not re-anneal
instantaneously but refolds in the wake of the
translocating enzyme, with a rate equal to the
translocation speed of the helicase (Fig. 8b). These
events enable us to study Dda translocation in
addition to its unwinding activity. In all these
events, the translocation speed is nearly equal to
the unwinding speed.

An important question that arises is whether the
helicase activity is assisted by force applied to the
hairpin fork. For a passive helicase, the unwinding
speed would increase with the applied force because
the force effectively lowers the energy barrier for the
helicase to open the double helix. In the case of Dda,
we find that the unwinding speed is insensitive to
the force applied. For forces ranging from 5 to
13 pN, the unwinding speed remains close to
250 bp/s, within experimental and statistical errors
(Fig. 8f), indicating that Dda is an active helicase. As

in ensemble experiments, the ratio between the
unwinding and the translocation velocities remains
close to 1 (considering experimental errors) for the
whole range of forces studied (Fig. 8e). The
apparently lower unwinding velocity might be a
systematic effect of undetected small slippage
events and the substantial error in the translocation
rate. Dda is not a very processive helicase, and at the
single-molecule level, the different unwinding
bursts of Dda have an exponentially distributed
processivity. Interestingly, just like the unwinding
speed, the processivity is insensitive to the force
used to pull the hairpin, as shown in Fig. 8d. The
above observations certlfy that Dda falls in the class
of the so-called “active” helicases.”

Discussion

The mechanisms for helicase-catalyzed DNA
unwinding are beginning to be understood at the
molecular level. One of the ways that helicases have
been characterized is in terms of active wversus
passive mechanisms. An active helicase interacts
with the DNA, resulting in destabilization of the
duplex. A passive helicase traps localized meltlng
that occurs through thermal fluctuations.* Most
helicases are not completely active or passive but
display activity between these two extremes. One
way to quantify this property is to specify the level
of destabilizing energy involved in the interaction
of the helicase with the DNA fork. A recent report
provides a practical guide for dlstlngulshmg
between active and passwe helicases.® Vians ON
ssDNA can be measured via several approaches
including bulk ﬂuorescence methods?92°2% and
single-molecule methods.**?*” This velocity can
then be compared to the velocity of unwinding
dsDNA (V). Those helicases that have a ratio of
Vun/ Vians that is close to 1 are considered to be
highly active. Helicases that exhibit a low ratio are
considered passive. The ratio that corresponds to an
active helicase has been suggested as >0.25, based
on data from a few helicases for which velocities are
available and on a theoretical analysis.””® For
example, Escherichia coli RecQ is active (Vin/
Virans~ 0.9), and T4 gp4l is passive (Vyun/

Vians ~ 0.08).° Helicases need not be completely

Table 2. The unwinding and translocation velocities are
the same for Dda

Translocation Virans Unwinding Vin
data source (nt/s) data source (bp/s)
Fig. 3 252+11 Ref. 18 304 +50
Fig. 4 264+10 Ref. 13 242 +25
Fig. 5 287 +13 Fig. 7 225+14
Fig. 6 266 +37

Average 267 +15 Average 25742
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Fig. 8. Single-molecule unwinding and translocation. One end of a DNA hairpin substrate was attached to a glass
coverslip, and the other end was attached to a magnetic bead. Magnets were used to pull the bead at a constant force. The
force applied was low enough to prevent mechanical unzipping (below 15 pN). This geometry enabled us to follow the
enzyme dynamics as a function of the applied force. (a) A typical unwinding event presenting a regular speed of
unwinding by Dda in the 5'-to-3’ direction, followed by enzyme dissociation and rapid re-annealing of the hairpin (at
9pN, 1bp ~0.9 nm). (b) Dda, during its course of unwinding, can sometimes switch strands and just translocate in the 5'-
to-3’ direction. While the helicase is unwinding the 1139-bp hairpin, its extension increases. Dda switches strands after
unwinding about 300 bp (at 11 pN, 1 bp unwound ~0.98 nm extension increase). The helicase then translocates and the
hairpin rezips in its wake, at a rate limited by the translocation speed of the enzyme. Note that the rate of decrease in
extension (translocation velocity) is equivalent to the rate of increase of extension (unwinding velocity). (c) An event
demonstrating repeated unwinding due to slippages. In our experimental conditions, slippages occurred frequently. Dda
processivity (d), unwinding velocity (f), and translocation velocity (f) versus applied force, measured in single-molecule
unwinding assays. (e) Dependence on force of the ratio of the unwinding speed to the translocation speed. Notice that the
translocation velocity is obtained whenever Dda switches strands; as those events are short and sparse at low force, the
error bars associated are rather large, and it was not possible to measure this parameter at 5 pN.

13,18

active or passive; for example, for a helicase with
Vun/ Virans=0.25, melting of dsDNA may be
partially rate limiting, while for a helicase with
Vun/ Virans=1, the helicase physically separates the
duplex and a component of the ATPase cycle or
translocation is rate limiting.

The average velocity of Dda translocation on
ssDNA (267 +15 nt/s) was calculated by comparing
the rate constant for Dda dissociation from oligo-
nucleotides of various lengths to that from circular
DNA. The translocation velocity was also confirmed
by measuring the time to the maximal decrease in
fluorescence of 3’-fluorescein-labeled oligonucleo-
tides and by single-molecule techniques. The veloc-
ity of translocation on ssDNA by Dda is essentially

the same as the reported velocity of unwinding
and that measured in Fig. 7 (average is 257 +42 bp/s).
This velocity is also comparable to that of unwinding
by single molecules of Dda (Fig. 8f). For Dda, the ratio
of Vin/ Virans is 0.96. The unwinding and transloca-
tion velocities are nearly identical and well within the
experimental error, making this essentially a “per-
fectly active” helicase. The close match between the
unwinding and translocation velocities indicates that
unwinding of dsDNA by Dda is limited by the rate of
translocation on ssDNA. These results are consistent
with previous reports showing that when multiple
Dda molecules are bound to a single unwinding
substrate, the trailing molecules and the leading
molecules move at similar rates,'> which means
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that DNA unwinding due to the lead molecule occurs
at the same rate as translocation on ssDNA of the
trailing molecules. These results suggest that the rate-
limiting step for unwinding by Dda is a component of
translocation, not of unwinding, per se.

Other helicases with ratios that approach 1 are
RecQ and UvrD. In the case of UvrD, the enzyme
forms oligomeric species during unwinding, making
direct comparisons between translocation and unzip-
ping less straightforward. Wu et al. found that RecBC
can simultaneously translocate in the 5'-to-3’ d1rec—
tion at the same rate as the 3'-to 5 direction.”
However, the velocity of unwinding under the
same conditions is slower than translocation on one
strand (Vn/ V rans ~ 0.39) or on both strands (V./
Vians ~ 0.54).°

The fact that some helicases translocate on ssDNA
much faster than they unzip dsDNA indicates that
helicase mechanisms can be much more complex
than acting simply as “snow plows”. The presence
of a complementary strand of NA slows down a
passive helicase, resulting in a significantly slower
unwinding velocity than translocation velocity. For
example, hexameric helicase T4 gp4l unwinds
dsDNA at the relatlvelgy slow velocity of ~30 bp/s
when acting alone.”**” However, translocation on
ssDNA occurs at ~400 nt/s,> which is close to the
rate of T4 DNA replication. The rate of gp4l is
enhanced by more than 10 fold when coupled to the
T4 polymerase in vitro.** Therefore, unwinding and
translocation are similar, when the helicase is coupled
to the polymerase. The T7 polymerase interacts with
T7 gene 4 helicase, greatly enhancing the unwinding
velocity. T7 gene 4 translocates on ssDNA at 130 nt/

s*' butunwinds DNA at 10-50 bp /s.** When coupled
to the T7 polymerase, gene 4 helicase unwinds DNA
at 90-130 bp/s.* Therefore, some helicases require a
second motor protein in order to fully utilize
translocation activity for DNA unwinding activity.
Dda does not appear to require accessory proteins to
unwind dsDNA at an equivalent velocity to that at
which it translocates on ssDNA.

An alternative way to distinguish active versus
passive helicases is to measure unwinding with
substrates of different GC content. Since an AT base
pair is about half as stable as a GC base pair,” the
unwinding velocity of a passive helicase will decrease
with increasing GC content of the duplex. However,
an active helicase will be unaffected. RecQ, an active
helicase, is somewhat sensitive to the GC content of
the duplex with the VG / Vi ~0.7.° Donmez et al.
have shown that the velocity of unwinding GC-rich
NA is 6-fold less than AT-rich NA for T7 helicase and
NS3/4a on RNA. The difference decreases to 3-fold
for NS3/4a on DNA substrates and for NS3h on both
DNA and RNA.* Dda is the first helicase that has
been shown to have both Vin/Visans~ 1 and VSE/
Vil ~1 (Table 2), further emphasizing its character-
istics as a “perfectly” active helicase.

The fact that Dda is insensitive to the GC content
is consistent with a short stepsize that occurs with
high force, 51m11ar to the chromatin remodeling
enzyme RSC.** Force production is consistent with
a role in which Dda removes proteins from the
DNA.'%1¢#5%7 Numerous helicases that displace
other proteins from DNA have been found. Rrm3
removes proteins bound to DNA in vivo during DNA
replication in yeast.*® Rep helicase was found to
push DnaB helicase during replication in E. coli.*
Srs2 regulates recombmatlon by displacing recom-
binase filaments,”® and P1f1 displaces telomerase to
regulate telomere length.”' In some cases, such as
with Srs2, a specific protein-protein interaction
between the helicase and the displaced protein
induces allosteric changes in the protein that lead
to its dissociation from DNA.?® Dda can displace
streptavidin from biotin-labeled DNA "> and has
been observed to readily displace DNA-binding
proteins from 1ts path during translocation and
DNA unwinding, '® suggesting that force production
occurs when the enzyme moves.

Single-molecule Dda unwinding events reveal
interesting insights into its activity and interaction
with the DNA substrate. In addition to the translo-
cation and unwinding velocities obtained from
single-molecule experiments being similar to those
from ensemble experiments, the Vi/Vigans ratio is
close to 1 and remains constant as the applied force
varies, also indicating that Dda is an active helicase.
The slippage events provide evidence that Dda
keeps a loose contact with its substrate even during
a fast rezipping. This may occur through an
interaction with the displaced strand as suggested, '®
which would facilitate the strand switching ob-
served in some single-molecule experiments. Inter-
action with both strands of the duplex would appear
to be advantageous for active helicases.

DNA unwinding requires a step in which the
strands are actually separated (melting), as well as a
step in which the enzyme moves along the DNA
(translocation). It is possible that translocation and
unwinding occur concomitantly as a result of
movement of the enzyme, but it is also possible
that translocation and unwinding occur separately.
If the steps are separate, then melting must occur
faster, so as to not be rate limiting. Regardless of the
specific mechanism, it would appear that the overall
rate for unwinding is limited by a step within the
ATPase cycle. For example, ATP hydrolysis, disso-
ciation of ADP or P;, or a conformational change in
the enzyme might limit the overall rate. The rate-
limiting step for some helicases such T7 gene 4
helicase,®* Rho transcrlptlon termination factor,>’
and HCV NS3 helicase®* has been proposed to occur
with release of P;.

The fact that Dda separates the duplex in an active
manner predicts that protein-NA interactions facil-
itate melting. Evidence for some interaction with the
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displaced strand was provided when an mterme—
diate in the unwinding reaction was discovered.'®
The intermediate was explained as a consequence
of a slow step for dissociation of the displaced
strand after two to three steps of unwinding. In the
current work, we observed a similar intermediate
during unwinding of a substrate containing high
GC content. The appearance of this intermediate
was not observed with substrates that required
only two to three steps prior to melting. It was only
observed with the high GC content substrate,
supporting the conclusion that Dda interacts with
both strands, leading to the appearance of the
intermediate. The ability of the helicase to switch
strands in single-molecule experiments and to re-
initiate unwinding after slipping also indicates that
there may be an interaction between Dda and the
displaced strand. In fact, interaction with the
displaced strand may actually slow down a heli-
case rather than enhance activity. In the case of the
Pifl helicase, a DNA:RNA hybrid is unwound
faster than a DNA:DNA hybrid. The mechanism
for this preference is not known, but it could be
due to specific interactions between Pifl and RNA
that activate the helicase, or it could be due to
specific interactions between Pifl and DNA that
slow down the helicase. Hence, interaction with the
displaced strand may increase or decrease the
overall rate of DNA unwinding, depending on
the specific mechanism of a helicase.

Thus far, structural studies have not captured the
intermediates revealing the specific molecular mech-
anism(s) for the melting step in helicase-catalyzed
DNA unwinding. Thus, the specific molecular
events that occur between a helicase and a duplex
DNA remain unknown. The fact that Dda helicase
moves along ssDNA at the same velocity as it
unwinds dsDNA indicates that when the enzyme
encounters the duplex, its forward motion is not
impeded. This could be due to specific interactions
that occur between the enzyme and the first base
pair. Binding interactions between the helicase and
the DNA must lower the activation barrier for
melting of the duplex.” Such interactions might
include stacking with amino acid residues or
hydrogen bonding with the bases, or perhaps
distortion of the duplex through kinking of the
DNA. For Dda, these interactions occur in a manner
that does not limit the overall rate of forward
movement. The conformational changes associated
with forward motion might sterically split the
duplex, assuming that appropriate amino acid
residues are in place. For example, the structures
of other superfamily 1B helicases and several DExH
helicases contain a hairpin structure referred to as a
“pin” that is believed to split the duplex during
movement. A combination of binding energy
through specific interactions between the enzyme
and the base pairs coupled with force production

through translocation is likely responsible for the
“perfectly active” mechanism of Dda helicase.

Materials and Methods

Materials

Oligonucleotides were purchased from Integrated
DNA Technologles and purified as described
previously.”” DNA sequences were as follows: 60mer,
5'-TAACGTATTCAAGATACCTCGTACTCTGTACT-
GACTGCGATCCGACTGTCCTGCATGATG-3'; 52mer,
5'-To4sCGCTGATGTCGCCTGGTACGTCGCTGCC-3;
45mer, 5'-ACCTCGTACTCTGTACTGACTGCGATCC-
GACTGTCCTGCATGATG-3'; 38mer, 5-TsGTACTAGT-
TAACTAGTACCGCTGATGTCGC-3’; 30mer, 5-CTG-
ACTGCG ATCCGAGTGTCCTGCATGATG-3'; 15mer,
5-CTGTCCTGCATGATG-3’; 50% GC, T, CGCTATTG-
TCTACTGG; 69% GC, T; CGCTGATGTCGCCTGG; 81%
GC, T; CGCTGCGGTCGCCTGG; 100% GC, T; CGG-
GCGGCGGGGCCCG. A 5'-biotinylated 1139-bp hairpin
labeled with several d1g0x1gen1ns at 3’-end was synthe-
sized as described previously.” Dda was overexpressed
and purified as described previously.''

Association experiments

All concentrations indicated are after mixing. Dda
(200 nM) association with poly(dT) in reaction buffer
[25 mM Hepes (pH 7.5), 10 mM KOAc, 0.1 mM
ethylenediaminetetraacetic acid, and 2 mM p-mercap-
toethanol] was measured by rapidly mixing in a SX.18MV
stopped-flow reaction analyzer (Applied Photophysics) at
25 °C. The change in tryptophan fluorescence over time
was monitored after a 320-nm-cutoff filter (Newport
Optical Filter #FSQ-WG320) with excitation at 280 nm
through 1-mm: slits.

Dissociation experiments

Dda was pre-incubated with ssDNA (at the concen-
trations indicated in the figure legends) in reaction buffer
with 10 mM Mg(OAc),. All ssDNA concentrations are in
nucleotides so that the number of nucleotides and,
therefore, Dda binding sites remains constant as the
length of the substrate varies. The reactions were
initiated at 25 °C by mixing with heparin (12 mg/ml)
in the presence or absence of a saturating concentration
of ATP (600 uM) (Table S3). The change in tryptophan
fluorescence was monitored after a 320-nm-cutoff filter
(Newport Optical Filter #FSQ-WG320) with excitation at
280 nm through 1-mm slits (200 nM Dda) or 5-mm slits
(50 nM Dda).

Determination of velocity of translocation of Dda
on DNA

For a model where a NA translocase needs to bind to
only 1 nt, the number of binding sites is one more than the
length of the oligonucleotide (L). % The length of the
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ssDNA is inversely proportional to the rate constant for
dissociation from the end of the oligonucleotide (k4-eng) for
an enzyme that translocates unidirectionally on ssDNA."
The translocation velocity (Vians) can be calculated from
these parameters using Eq. (1)," where kyqops is the
observed dissociation rate constant, and kg.i, is the intrinsic
rate constant for dissociation from circular DNA.

2Vtrans
1
L+1 M

However, Dda is known to bind 6 nt.'® Assuming
that all 6 nt are required for binding, there are only
N=L-B+1=L-5% binding sites (N) for binding site
size B. The distance to translocate to reach the end of the
oligonucleotide, assuming random binding, is (L-4)/2,
and Vians is one-half the inverse slope of a 1/kg.ena versus
L—4 plot based on Eq. (2).

kdfobs - kd*in = kdfend =

2V rans
kdoin = kd-end = 7 = 1 (2)

kd*obs -

Translocation experiments using fluorescein
fluorescence

We pre-incubated 200 nM 3’-fluorescein-labeled oligo-
nucleotides with 50 nM Dda in reaction buffer. The
reaction was initiated by mixing with 5 mM ATP, 10 mM
Mg(OAc),, and 5 uM poly(dT) at 25 °C. The change in
fluorescein fluorescence was monitored after a 515-nm-
cutoff filter (Newport Optical Filter #51294) with an
excitation at 495 nm through 1-mm slits.

DNA unwinding reactions

Oligonucleotides were radiolabeled as described
previously."' Unwinding reactions were performed in
reaction buffer with 0.1 mg/ml bovine serum albumin
using a KinTek rapid chemical quench-flow instrument
maintained at 25 °C. All concentrations are after
mixing. We incubated 10 nM radiolabeled substrate
with 100 nM Dda for 3 min preceding the initiation of
the reaction. We added 5 mM ATP, 10 mM Mg(OAc),,
300 nM DNA trap (complementary to the displaced
strand), and 5 uM poly(dT) (protein trap to prevent
rebinding of Dda to the substrate after dissociation) to
initiate the reaction. Reactions were quenched with
400 mM ethylenediaminetetraacetic acid, analyzed on a
20% polyacrylamide gel, visualized with a Typhoon
Trio phosphorimager (GE Healthcare), and quantified
using ImageQuant software (GE Healthcare). Data were
fit using KinTek Explorer™ to Scheme 1. The enzyme-
substrate (ES) complex is converted to product in n
identical sequential steps, defined by the rate constant
per step, k,. At each step, the helicase can also
dissociate from the NA with a rate constant of kg. kg4
was allowed to float because increasing the GC content
of the duplex may increase the dissociation rate by
increasing the force opposing the helicase, consistent
with the observed greater processivity for translocation
than for unwinding. Of the 69% GC substrate, 8 bp are
known to spontaneously melt based on previous
unwinding studies with methylphosphonate modified

substrates.'® The velocity of unwinding (V,,) was
calculated using Eq. (3).

Vun = miky (3)
The kinetic step size (m) is defined by Eq. (4).

Lo
T oon

m (4)
L is the length of the duplex. L is the number of base pairs
that spontaneously melt due to thermal fluctuations and
are not unwound by the helicase.'® The number of steps
required for the helicase to unwind the duplex is n.

Single-molecule experiments

Streptavidin-coated MyOne (Invitrogen) magnetic
beads were pulled by the magnetic tweezers formed by
a pair of permanent magnets®> whose position relative to
an antidigoxigenin-coated coverslip was monitored, pro-
viding a means to change the force exerted on the hairpin
over a range of 10~>-30 pN. The extension of typically 50
molecules was measured using the ring diffraction image
of the bead” at a temperature of 28 °C by 250 pM Dda in a
buffer consisting of 20mM Tris-HCI (pH 7.6), 25 mM
NaCl, 3 mM MgCl,, 2% bovine serum albumin, 0.5 mM
dithiothreitol, and 1 mM ATP. A constant force below the
threshold for mechanically unzipping the DNA was
maintained. Linear fits of the change in extension over
time provided unwinding rates. Translocation velocities
were obtained in a similar manner from translocation
events. The rate of change in extension of the substrate
was converted to base pairs using the force—extension
curve of ssDNA of a well-defined length in bases in
identical buffer conditions. Sometimes, Dda displaced the
digoxigenin from the DNA; therefore, the experiments
were repeated several times in order to collect a large
number of unwinding and translocation events. The
distribution of unwinding/translocation velocity was
computed from 250 to 850 events, depending on the
conditions, and presented a Gaussian shape. The errors in
the unwinding rate were obtained as a sum of the
statistical error and the error in the extension of ssDNA.
The mean processivity of the helicase was calculated from
the distribution of the maximum number of base pairs
unwound in each single burst of activity. The histograms
of these events were fit to an exponential whose
characteristic length leads to the processivity.
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