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The RecQ family helicases catalyze the DNA unwinding reac-
tion in an ATP hydrolysis-dependent manner. We investigated
the mechanism of DNA unwinding by the Escherichia coli RecQ
helicase using a new sensitive helicase assay based on fluores-
cence cross-correlation spectroscopy (FCCS) with two-photon
excitation. The FCCS-based assay can be used to measure the
unwinding activity under both single and multiple turnover
conditions with no limitation related to the size of the DNA
strands constituting the DNA substrate. We found that the
monomeric helicase was sufficient to perform the unwinding of
short DNA substrates. However, a significant increase in the
activity was observed using longer DNA substrates, under single
turnover conditions, originating from the simultaneous binding
of multiple helicase monomers to the same DNA molecule. This
functional cooperativity was strongly dependent on several fac-
tors, including DNA substrate length, the number and size of
single-stranded 3'-tails, and the temperature. Regarding the lat-
ter parameter, a strong cooperativity was observed at 37 °C,
whereas only modest or no cooperativity was observed at 25 °C
regardless of the nature of the DNA substrate. Consistently, the
functional cooperativity was found to be tightly associated with
a cooperative DNA binding mode. We also showed that the
cooperative binding of helicase to the DNA substrate indirectly
accounts for the sigmoidal dependence of unwinding activity on
ATP concentration, which also occurs only at 37 °C but not at
25 °C. Finally, we further examined the influences of spontane-
ous DNA rehybridization (after helicase translocation) and the
single-stranded DNA binding property of helicase on the
unwinding activity as detected in the FCCS assay.

Helicases are molecular motor enzymes that unwind and
translocate nucleic acids in an ATP hydrolysis-dependent man-
ner (1,2). RecQ DNA helicases constitute a ubiquitous family of
helicases that play a key role in maintaining genome stability in
a wide range of organisms from bacteria to higher eukaryotes
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(for areview, see Ref. 3). These enzymes are involved in many of
the processes of DNA metabolism, including recombination,
DNA replication, and DNA repair (3-5). In humans, defects in
RecQ family helicases, encoded by the blm, wrn, and RecQ4
genes, give rise to the Bloom, Werner, and Rothmund-Thom-
son syndromes, respectively, characterized by genomic insta-
bility and susceptibility to cancer. The Escherichia coli RecQ
helicase, the prototype enzyme of this family, is involved in
various processes, including the homologous recombination
and double strand break repair mediated by the RecF machin-
ery (6) as well as suppression of illegitimate recombination (7).

The structure-function relationship of helicases is diffi-
cult to understand at the molecular level, because proteins
with different organizations may have similar activities. For
example, the need for an oligomeric structure for helicase
activity strongly varies between helicase families. Hexameric
rings are required for active E. coli DnaB and Rho and bacterio-
phages T4 gp41 and T7 gp4 (8 —14), whereas a dimeric form is
required for the Rep helicase (15). Some controversy remains in
the literature concerning the oligomeric status of active PcrA
and UvrD helicases, which is not well defined. It has been pro-
posed that these helicases are active as monomers (16 -19) or
dimers (20, 21). Regarding the RecQ family helicase, the qua-
ternary structures of active WRN and BLM proteins are also
unclear. Different multimeric states corresponding to catalyti-
cally active forms have been identified, including hexamers, tet-
ramers, and monomers (22—25). The exact reasons for these
discrepancies are unclear, and the possibility that distinct oli-
gomeric states could be compatible with unwinding activity for
a given helicase remains open to debate.

Despite extensive biochemical and structural studies of
helicases, the mechanism of DNA unwinding remains
obscure, and several enzymatic features of the RecQ family
helicases are not clearly understood. As mentioned above for
other helicases, the oligomeric status of the active E. coli RecQ
helicase is unclear, because enzymologic studies of the unwind-
ing reaction in pre-steady-state conditions have strongly sug-
gested that the active form is monomeric (26), whereas a previ-
ous study reported a sigmoidal dependence of unwinding
activity on ATP concentration, suggesting a multimeric active
form (27). Other difficulties in the interpretation of enzymatic
parameters are related to side phenomena that strongly influ-
ence the measurement of helicase activity, such as: (i) the DNA
rehybridization that occurs after the unwinding process; and
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(ii) the ability of helicase to bind to the single-stranded DNA
product, reducing subsequent turnover. The relative impact of
these intrinsic properties of the DNA and helicase molecules,
respectively, may be difficult to estimate depending on the
method used for monitoring unwinding activity (28).

Fluorescence correlation spectroscopy (FCS)® measures the
translational diffusion of freely diffusing molecules based on
the analysis of time-dependent fluorescence intensity fluctua-
tions within a small observation volume (29 —31). However, this
approach, based on the determination of the diffusion coeffi-
cient, is not very sensitive for measuring interactions between
molecules or dissociation events when the two interacting enti-
ties have similar molecular sizes. This major limitation can be
overcome by dual color fluorescence cross-correlation spec-
troscopy (FCCS), which can be used to monitor the cross-cor-
relation of the fluorescence fluctuations of the two interacting
species, labeled by spectrally distinct fluorophores, and then to
quantify the amount of fluorescently double-labeled species. A
maximal cross-correlation amplitude is obtained when the two
molecular species diffuse simultaneously and in a systematic
manner through the observed volume, indicating a physical
interaction, whereas a decrease in this amplitude accounts
for independent diffusion due to a dissociation event. This
approach has been shown suitable for monitoring various
enzymatic activities or processes, including proteolysis (32),
endonucleolytic cleavage by restriction enzymes (33, 34), DNA
repair (35), and DNA recombination (36).

We describe here the use of two-photon excitation FCCS to
monitor helicase unwinding activity. This assay is sensitive and
suitable for studies of unwinding activity, as it can be used for
real-time kinetic studies in the low nanomolar range, is com-
patible with both single and multiple turnover enzymatic con-
ditions, and does not require separation of the single-stranded
(ss) DNA product from the double-stranded (ds) DNA sub-
strate by gel electrophoresis. As mentioned above, the cross-
correlation of the two fluorescence signals in FCCS is related to
the concomitant diffusion of the two fluorescently labeled mol-
ecules. Thus, with double-labeled dsDNA substrates, a signifi-
cant decrease in the amplitude of the cross-correlation function
is expected upon DNA unwinding, due to the physical separa-
tion of the two labeled DNA strands (the principle of the FCCS-
based helicase assay is explained in Fig. 1A4). Unlike the fluores-
cence resonance energy transfer (FRET) approach, FCCS is not
sensitive to fluorophore orientation and/or interfluorophore
distance. The loss of the cross-correlation signal is sensitive to
helicase-mediated strand separation only, with no influence of
other phenomena such as unrelated local motions of fluoro-
phores at the DNA ends, which may also affect the donor-ac-
ceptor distance. A helicase assay based on fluorescence aniso-
tropy was recently described, but real-time kinetic studies suffer
from inherent problems because of the ability of helicase to
bind to the ssDNA product (28). Moreover, this assay was com-

3 The abbreviations used are: FCS, fluorescence correlation spectroscopy;
FCCS, fluorescence cross-correlation spectroscopy; Al, Alexa Fluor 488
(Alexa488); ds, double-stranded; FRET, fluorescence resonance energy
transfer; ODN, oligodeoxyribonucleotide; ss, single-stranded; SSB, sin-
gle-stranded DNA-binding protein; Te, Texas Red; ATP+S, adenosine
5'-O-(thiotriphosphate).
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patible with single turnover conditions only (i.e. enzyme con-
centration exceeding DNA substrate). The FCCS assay has no
such limitations because it is not based on a difference in size
between the substrate and the reaction product but on the
extent of the concomitant diffusion of the two DNA strands.

In this work, we studied the unwinding activity of E. coli
RecQ helicase, under both single and multiple turnover con-
ditions, by FCCS. We found that RecQ helicase monomers
may function cooperatively or non-cooperatively. Their
mode of functioning depends on several parameters, includ-
ing the length of the DNA substrate (with significant influ-
ence from both the duplex and the 3’-ssDNA-flanking regions)
and the temperature at which the DNA binding step occurs.
Remarkably, the cooperative properties of helicase at the DNA
binding level, i.e. helicase binding to the DNA substrate, were
found to be predictive, at least qualitatively, of subsequent
cooperative effects observed at the catalytic level. Additionally,
a post-catalytic event, i.e. helicase binding to newly unwound
ssDNA products, was shown also to contribute to the observed
functional cooperativity. We also found that the cooperative
dependence of the unwinding activity on ATP concentration
originated indirectly from the cooperative DNA binding mode
of RecQ helicase, reconciling apparently conflicting published
results concerning the possibility of an active monomeric form,
whereas the activity displays a strong cooperativity on ATP
concentration (Hill coefficient ~ 3), which was interpreted pre-
viously as compelling evidence for a multimeric active form
(minimally trimeric) (27). Altogether, our data indicate that
oligomerization is not a prerequisite for RecQ helicase activity.
Nevertheless, in certain conditions, the cooperative assembly of
the helicase-DNA complex makes it possible for multiple
monomers to align along the same DNA substrate and function
in a cooperative manner. Finally, we further examined the influ-
ences on the unwinding activity (as measured in our assay) of
both spontaneous DNA rehybridization (following helicase
translocation) and the ssDNA binding property of helicase. We
addressed these questions by evaluating the effects of short sin-
gle-stranded oligodeoxyribonucleotides (ssODN) and of the
single-stranded DNA-binding protein (SSB) on the catalytic
rate constant of RecQ helicase.

EXPERIMENTAL PROCEDURES

RecQ Helicase Purification, SSB, and Oligonucleotides—The
E. coliRecQ helicases, wild-type and mutant proteins K53A and
D146A, were purified as described previously (28, 37). SSB was
purchased from Sigma. Unlabeled and fluorescently labeled
oligonucleotides (Table 1) were purchased from Eurogentec
(Liege, Belgium) and further purified by electrophoresis in a
denaturing 12 or 15% acrylamide/urea gel for long (>10 mer)
and short (7 and 10 mer) oligonucleotides, respectively. Dou-
ble-stranded DNAs were obtained by mixing equimolar
amounts of complementary DNA strands in 20 mm Hepes (pH
7.2), 100 mm NaCl. The mixture was heated at 85 °C for 5 min
and allowed to anneal by slow cooling to 25 °C.

Fluorescence Cross-correlation Spectroscopy—Dual color FCCS
measurements were performed by two-photon excitation using
a single laser line on a home-built system (described previously
in Ref. 38 for the FCS mode) with a 100-fs pulse, 80-MHz mode-
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locked Mai Tai Ti:Sapphire tunable laser (Spectra Physics,
Mountain View, CA) and a Nikon TE2000 inverted micro-
scope. Briefly, the laser beam was expanded with a two-lens
afocal system to overfill the back aperture of the objective
(Nikon, Plan Apo, X100, N.A. 1.4, oil immersion) before its
entry via the epifluorescence port of the microscope. The setup
was optimized to obtain a diffraction-limited focal spot. Mea-
surements were typically carried out in 50 ul of solution
dropped onto a coverslip treated with dimethyldichlorosilane.
The fluorescence signals from Alexa Fluor 488 (Alexa488 (Al))
and Texas Red (Te) were collected with the same objective and
separated from the excitation by a dichroic mirror (Chroma
700DCSPXR). The output signal from the microscope was fur-
ther filtered with a Chroma E700SP-2p filter to reject the resid-
ual excitation light and split by a dichroic mirror (Chroma
580dcxr). Additional filters (Chroma HQ510/50 and HQ630/
60m-2p for Alexa488 and Texas Red, respectively) were used to
minimize cross-talk (Fig. 1B), and the split fluorescence signal
was focused on two avalanche photodiodes (PerkinElmer Life
Sciences, SPCM-AQR-14 single photon counting module with
less than 90 dark counts/s) mounted at right angle. The detec-
tors were connected to a digital correlator (ALV 6000, ALV-
GmbH, Langen, Germany) for calculation of the normalized
cross-correlation function g, ,1.(7) (or g(7)) of the two fluores-
cence intensity fluctuations, according to Equation 1,

1y 0601+
GamelT) = </G(l’)> . <IR(t)>

(Eq.1)

where () and I(¢) are the number of detected fluorescence
photons per time unit for the green (Alexa488) and red (Texas
Red) channels, respectively. Assuming a three-dimensional
Gaussian distribution of excitation intensity, the cross-correla-
tion function for a free Brownian diffusion process is given by
Equation 2,

(Eq.2)

with l = Carre
n V(Cy+ Care) X (Gre + Care)

where C,, and Cy are the concentrations of singly labeled spe-
cies, C4y 1. is the concentration of doubly fluorescently labeled
species, and 7, is the corresponding translational diffusion
time. w, and z, are the lateral and axial dimensions of the exci-
tation volume (V), respectively. The excitation volume was cal-
ibrated with a 5 nm aqueous solution of Alexa Fluor 488 (suc-
cinimidyl ester, Molecular Probes, Eugene, OR; diffusion
coefficient, D = 426.3 wm?/s at 21 °C). The excitation wave-
length was 780 nm, and the excitation power was 25 milliwatts.
Assuming a Gaussian beam shape and according to Equation 2
and 7, = w,>/8D, the lateral », and axial z, dimensions were
estimated at 0.380 and 1.40 um, respectively.

The optimal two-photon excitation wavelength for the FCCS
experiments using Alexa488 and Texas Red was found to be 780
nm. In this study, we found that an excitation power of 25 mil-
liwatts was suitable for the two-photon excitation of both
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Alexa488 and Texas Red (fluorescence intensities displayed
quadratic dependences and 7, values were constant as a func-
tion of incident power below 30 milliwatts. Photobleaching
occurred principally above 30 milliwatts). The excitation power
was adjusted with a variable attenuator consisting of an achro-
matic half-wave plate and a polarizing beam splitter (Micro-
Controle Spectra-Physics, Evry, France). Recording times were
typically between 2.5 and 5 min (average of 5-10 cycles of 30 s
each). The cross-correlation curves were fitted with a Leven-
berg-Marquardt nonlinear least-squares fitting algorithm
according to the analytical model (Equation 2) using Igor soft-
ware (WaveMetrics). The decrease in the amplitude of the
cross-correlation, g(0) value, was used to calculate unwinding
activity as a function of time, according to Equation 3,

[DNA]unwound _ g(o)t: 0o g(o)t
[DNA ot g(0)¢—o — 9(0) ..

with g(0),_, and g(0),_... corresponding to the cross-correlation
amplitudes at the beginning (zero time) and at the end (infinite
time) of the reaction, respectively.

DNA Unwinding Assay—The unwinding activity of the RecQ
helicase was measured by dual color FCCS (description of the
FCCS setup given above) in 20 mm Hepes (pH 7.2), 40 mm NaCl,
1 mm MgCl,, and 0.3 mm dithiothreitol (reaction buffer). The
concentration of the double-labeled DNA substrate was typi-
cally 5 nm. The DNA binding step (performed at 7%,;,4ing = 25
or 37 °C) corresponded to the addition of RecQ helicase to the
DNA solution. The unwinding reaction was initiated by adding
1 mm ATP and recorded at T° ., .iion = 25 °C (unless otherwise
stated). For multiple turnover experiments ([DNA substrate] >
[RecQ helicase]), the various concentrations of total DNA sub-
strate were obtained by mixing double-labeled DNA substrate
(constant concentration of 5 nm) with different concentrations
of the corresponding unlabeled DNA substrate. 7, -, the Hill
coefficient characterizing the functional cooperativity, was cal-
culated by fitting the sigmoidal dependence of unwinding activ-
ity on the enzyme concentration using the Hill function of Ori-
gin 6.0 software.

DNA Binding Assay: Steady-state Fluorescence Anisotropy—
The interaction between RecQ helicase and Alexa488-labeled
DNA (either double- or single-stranded) was detected by deter-
mining steady-state fluorescence anisotropy on a Beacon 2000
instrument (PanVera, Madison, W1) (28,39 —41). The apparent
K, value (K,,,,) was determined by incubating Alexa488-la-
beled DNA (5 nm) with increasing concentrations of RecQ heli-
case in 20 mm Hepes (pH 7.2), 40 mm NaCl, 1 mm MgCl,, and
0.3 mm dithiothreitol. Steady-state anisotropy (r) was then
recorded. Fractional saturation was calculated as Ar/Ar, . =
(r = Tgee) Thound — Tireo) Where 7.4 and 7., represent
bound and free DNA anisotropy, respectively. The Hill coeffi-
cient, 71gpyp, Was calculated by directly fitting the titration
curve using the Hill function of Origin 6.0 software. K, ,,, rep-
resents the concentration of RecQ helicase required to titrate
the DNA to half saturation.

RESULTS

We first assessed whether the unwinding activity of E. coli
RecQ helicase would result in a significant and measurable

(Eq.3)
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decrease in cross-correlation amplitude, ga,1.(0) (or g(0)) as
measured by FCCS using dsDNA substrates harboring a ssDNA
tail (10 bases long) at each 3'-end (Fig. 1C, left. Sequences and
nomenclature are as in Table 1). When RecQ helicase and dou-
ble-labeled DNA substrate were mixed together, a time-de-
pendent decrease in the g(0) value was observed only after the
addition of ATP, suggesting that the decrease in cross-correla-
tion amplitude is actually due to RecQ helicase-mediated
unwinding of the DNA substrate (Fig. 24). Indeed, no decrease
in the g(0) value was observed either in the absence of ATP (Fig.
2B) or in the presence of ATP+S (a nonhydrolyzable ATP ana-
log) (data not shown). Additionally, two E. coli RecQ helicase
ATPase-deficient mutants were tested in the presence of ATP.
These protein mutants harbor a single amino acid alteration in
helicase conserved motifs I (K53A) and II (D146A) (also known
as the walker A and B motif, respectively) and are deficient for
both ATP hydrolysis and unwinding activities (37). Again, no
decrease in the g(0) value was observed with either the K53A
(Fig. 2C) or the D146A mutant (data not shown). Taken
together, these results demonstrate that the decrease in the
cross-correlation amplitude as measured by FCCS is concomi-
tant to the unwinding activity. However, although the g(0),_...
value was low (see Fig. 24), it was reproducibly different from 0
(about 0.02) and may therefore account for the cross-talk
between the detection channels. Indeed, a similar amplitude
value was obtained with mixtures of non-complementary
Alexa488- and Texas Red-labeled oligonucleotides (data not
shown). The g(0),_... value was then further considered in the
calculation of the fraction of unwound DNA (see Equation 3).
We then studied the unwinding kinetics as a function of DNA
substrate size under both single and multiple turnover condi-
tions. In all of the experiments mentioned below, the tempera-
ture of the DNA binding step (" ) was either 25 or 37 °C,
and the reaction temperature (7° ) was 25 °C, unless oth-
erwise specified.

Kinetic Study under Single Turnover Conditions—Typically,
the time-dependent process described in Fig. 2A was plotted
and fitted using a single exponential model (Fig. 34) corre-
sponding to a single turnover process, with enzyme present in
excess over DNA. A similar experimental design was used to
assess the influences of (i) enzyme concentration and (ii) DNA
substrate size (duplex region) on the first-order kinetic rate
constant Koo (T"hinding = 37 °C; T = 25°C). In the fol-
lowing experiments, all tested DNA substrates harbor two
ss-3'-tails (10 bases long) (Fig. 1C, left). Interestingly, the k.
value increased with increasing dsDNA length (13— 66 bp) and
was also dependent on enzyme concentration (Fig. 3B). More-
over, this response to enzyme concentration strongly depended
on dsDNA size and was saturable with, for instance, modest and
strong transition effects observed for 13- and 66-bp substrates,
respectively (Fig. 3B). The stronger dependence of the first-
order kinetic rate constant on helicase concentration for longer
DNA substrates strongly suggests that functional cooperativity
(n,c1) between different helicase molecules occurred. There-
fore, the stimulation of the unwinding reaction by increasing
the size of the DNA substrate probably results from the possi-
bility of multiple RecQ helicase monomers functioning simul-
taneously on the same DNA substrate.

binding

reaction

reaction
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During the time course of our study, we observed that this
cooperative behavior was also strongly affected by changes in
the temperature of the DNA binding step (before the addition
of ATP). As shown in Fig. 3C for the 66-bp substrate, the k.
value (7T°caction = 25 °C) was much less dependent on helicase
concentration if the preincubation step was carried out at
Thinding = 25°C (acr = 2.9) than if it was carried out at
Thinding = 37 °C (nacr = 5.8). We then measured helicase
binding to DNA at two temperatures, 25 and 37 °C, by steady-
state fluorescence anisotropy (28, 39, 41). DNA binding iso-
therms for RecQ helicase clearly showed different DNA bind-
ing mechanisms at the two different temperatures (Fig. 4, A-D);
a cooperative DNA binding mode (715;yp) Was observed at
37 °C (only for DNA substrates >13 mer), whereas much lower
levels of cooperativity were observed at 25 °C. Moreover, the
Hill coefficient, 715, continuously increased as a function of
dsDNA size at 37 °C, whereas DNA binding remained almost
non-cooperative at 25 °C regardless of DNA substrate size (Fig.
4E). Our data suggest a direct relationship between the pres-
ence of a cooperative DNA binding mode during the preincu-
bation step and the subsequent dependence of unwinding
activity on helicase concentration and dsDNA length.

We wondered whether cooperative behavior was influenced
by the number of ss/ds junctions (i.e. number of ss-3'-tails (10
bases long)) in the DNA substrate. We assessed unwinding
activity with 45- and 66-bp DNA substrates containing zero
(blunt), one, or two ss/ds junctions (see Fig. 1C, right). No activ-
ity was detected with blunt DNA substrates (Fig. 5, A and B).
This result confirms that RecQ helicase requires DNA sub-
strates containing at least one 3’-ssDNA-flanking region for
unwinding activity, with little or no unwinding of blunt-ended
DNA substrates observed, as reported in previous studies (26,
42, 43). Moreover, with both 45- and 66-bp DNA substrates,
unwinding activity was systematically weaker (see k. values)
and less dependent on enzyme concentration (see 71, - values)
for substrates containing one ss/ds junction than for substrates
containing two ss/ds junctions (Fig. 5, A and B). We then stud-
ied cooperative DNA binding properties for these DNA sub-
strates. The Hill coefficient, 715, p, varied significantly with the
number of ss-3'-tails, with a large difference between substrates
containing one ss/ds junction and substrates containing two
ss/ds junctions (Fig. 5C). Blunt-ended DNAs displayed almost
no cooperativity. Therefore, cooperativity was clearly favored
by the presence of ss-3'-tails. Cooperative effects were observed
mostly at 37 °C, with weaker effects at 25 °C regardless of the
DNA substrate used (consistent with the results shown in Fig.
4E).

No cooperativity and no significant influence of the ss-3’-tail
length on the unwinding rate were evidenced in a recent study
by Zhang et al. (26). Nevertheless, the experiments were con-
ducted under conditions that do not favor the cooperative
assembly of the helicase-DNA complex, i.e. at 25 °C with rather
short DNA substrates (16 bp) harboring one ss-3'-tail. The
influence of the ss-3'-tail length for a given size of the duplex
region was then further examined under conditions previously
shown to be compatible with cooperativity (i.e. T"inding =
37 °C). First, we used either the 22-bp or the 45-bp substrate
with two 3'-ssDNA-flanking regions (10, 20, or 30 bases) (see
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FIGURE 1. Principle of the FCCS experiment for measuring helicase activity. A, the amplitude of the cross-correlation function g r.(7) is maximal in the absence
of any unwinding activity when using double-stranded DNA substrates double-labeled with Al and Te. A significant decrease in g, 1.(7) amplitude with unwinding
activity is expected. B, characteristic fluorescence emission spectra of Al-labeled (black line) and Te-labeled (gray line) oligonucleotides upon two-photon excitation
(A = 780 nm). Emission spectra were recorded separately with a home-built setup using a SpectraPro-275 digital triple grating spectrograph coupled to a liquid
nitrogen-cooled charge-coupled device detector (Princeton Instruments, Acton, MA). Also shown are transmission profiles (dashed lines) of the dichroic mirror
(Chroma 580dcxr) and the two additional filters (Chroma HQ510/50 and HQ630/60m-2p for Al and Te, respectively). C, DNA substrates used in this study. Left, the DNA
substrates harbor a duplex region of variable size (13- 66 bp) and two ssDNA 3'-tails (10 bases long). Right, two other versions of the 45- and 66-bp DNA substrates were
tested: the first contains only one ss-3'-tail, and the other is blunt. Details of sequences are reported in Table 1. The DNA substrate names are indicated in parentheses
(see also Table 1 for nomenclature). D, DNA substrates (duplex region of 22 or 45 bp) with one (right) or two (left) ss-3'-tails, designed to study the influence of the
ss-3'-tail size on the unwinding rate. An x represents the number of bases in the ss-3'-tail. In the present study, x = 10, 20, or 30 bases (see Table 1).
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TABLE 1
Nomenclature and sequences of oligonucleotides used in this study

Name® Length Sequence”

Agp 7 5'-GTC AGT G-3'-Al

B, 7 5'-GTC AGT G-3'

B, 7 5'-CGT GAT G-3'

Cioal 10 5'-TTA GTC AGT G-3'-Al

D, 10 5'-TTA GTC AGT G-3'

D'\ 10 5'-TTG CGT GAT A-3'

Eppenr 22 5'-AAT CCG TCG AGC AGA GTT AGG G-3'-Al

Flis-a100) 23 5'-CAG ACT CCC TAG A AGTTAGGGTT-3'-Al

G3e1e(10) 23 5'-TCT AGG GAG TCT G GATTGTTATT-3'-Te

His00 23 5'-TCT AGG GAG TCT G GATTGTTATT-3’

Lo al0)° 32 5'-AAT CCG TCG AGC AGA GTT AGG G AGTTAGGGTT-3'-Al

Jonereqioy” 32 5'-CCC TAA CTC TGC TCG ACG GAT T GATTGTTATT-3'-Te

22(10) 32 5'-AAT CCG TCG AGC AGA GTT AGG G AGTTAGGGTT-3'

Lasi0) 32 5'-CCC TAA CTC TGC TCG ACG GAT T GATTGTTATT-3'

M,, 32 5'-AAT CCG TCG AGC AGA GTT AGG AGA TCC CTC AG-3’

Nysear 45 5'-AGA TCC CTC AGA CCC TTT TAG TCA GTG TGG AAA ATC TCT AGC AGT-3'-Al

Oysre 45 5'-ACT GCT AGA GAT TTT CCA CAC TGA CTA AAA GGG TCT GAG GGA TCT-3'-Te

P, 45 5'-ACT GCT AGA GAT TTT CCA CAC TGA CTA AAA GGG TCT GAG GGA TCT-3’

Qusea100) 55 5'-AGA TCC CTC AGA CCC TTT TAG TCA GTG TGG AAA ATC TCT AGC AGT AGTTAGGGTT-3'-Al

Rysereqio)” 55 5'-ACT GCT AGA GAT TTT CCA CAC TGA CTA AAA GGG TCT GAG GGA TCT GATTGTTATT-3'-Te

Si5010) 55 5'-ACT GCT AGA GAT TTT CCA CAC TGA CTA AAA GGG TCT GAG GGA TCT GATTGTTATT-3’

Tesearl 66 5'-AAT CCG TCG AGC AGA GTT AGG AGA TCC CTC AGA CCC TTT TAG TCA GTG TGG AAA ATC TCT AGC AGT-3'-Al

Uggore 66 5'-ACT GCT AGA GAT TTT CCA CAC TGA CTA AAA GGG TCT GAG GGA TCT CCT AAC TCT GCT CGA CGG ATT-3'-Te

Veo 66 5'-ACT GCT AGA GAT TTT CCA CAC TGA CTA AAA GGG TCT GAG GGA TCT CCT AAC TCT GCT CGA CGG ATT-3’

Weseai10) 76 5'-AAT CCG TCG AGC AGA GTT AGG AGA TCC CTC AGA CCC TTT TAG TCA GTG TGG AAA ATC TCT AGC AGT
AGTTAGGGTT-3'-Al

XeerTe(10) 76 5'-ACT GCT AGA GAT TTT CCA CAC TGA CTA AAA GGG TCT GAG GGA TCT CCT AAC TCT GCT CGA CGG ATT
GATTGTTATT-3'-Te

Yeo(10) 76 5'-AAT CCG TCG AGC AGA GTT AGG AGA TCC CTC AGA CCC TTT TAG TCA GTG TGG AAA ATC TCT AGC AGT
AGTTAGGGTT-3'

Zs(10) 76 5'-ACT GCT AGA GAT TTT CCA CAC TGA CTA AAA GGG TCT GAG GGA TCT CCT AAC TCT GCT CGA CGG ATT

GATTGTTATT-3’

“ The size of the ss-3'-tail is indicated in parentheses.
’ Bases corresponding to non-complementary ss-3'-tails are underlined.

 Iynar20y Loasa13oy Qas-al(20y and Qus-a1(30) are the equivalent oligonucleotides with a longer ss-3'-tail: 20 nucleotides (AGTTAGGGTTTTTTTTTTTA-3') for I,5- o120y and
Qus-al20) and 30 nucleotides (AGTTAGGGTTTTTTTTTTTAAGTTAGGGTA-3") for Ly aiia0 and Qus-arcaoy-
J22Te(20) J22:Te(30) RasTe(20y aNd Ryse1e(30) are the equivalent oligonucleotides with a longer ss-3'-tail: 20 nucleotides (GATTGTTATTTTTTTTTTTA-3’) for J,5-7¢(20) and
Rys-re(20) and 30 nucleotides (GATTGTTATTTTTTTTTTTAGATTGTTATA-3’) for J5sere(30) aNd Rysere(zo)-

Fig. 1D). Both DNA substrates displayed (i) an unwinding rate
and (ii) a functional cooperativity that increased continuously
with the size of the ss-3'-tails (Fig. 64). By varying the size of the
ss-3'-tails from 10 to 30 bases, the 71, values increased from
4.3 to 5.2 and from 3.6 to 4.4 for the 45- and 22-bp substrates,
respectively. A similar behavior was observed with the corre-
sponding DNA substrates harboring one ss-3'-tail (Fig. 6B).
However, as shown previously in Fig. 5, the unwinding rate was
systematically less dependent on helicase concentration (see
1 values) for DNA substrates harboring one ss-3’-tail than
for substrates harboring two ss-3'-tails for given sizes of the
duplex region and ss-3'-tail. Moreover, the influence of the
ss-3'-tail length on cooperativity was also observed at the DNA
binding level, as shown in Fig. 6C for the 45-bp substrate.
Importantly, the influence of the ss-3'-tail length on ko, 7 o1
and 71pyp values was much less marked when T°y;, 4, Was
25 °C (data not shown), in accordance with the results obtained
by Zhang et al. (26) and confirming the temperature depend-
ence of the cooperative behavior of RecQ helicase.

Altogether, our results suggest that the cooperative mode of
DNA binding and the strong helicase concentration depen-
dence of the single turnover kinetic rate constant are closely
related phenomena accounting for the number of active mono-
mers simultaneously present on the DNA substrate. In other
words, cooperative DNA binding is predictive, at least qualita-
tively, of the subsequent cooperative catalytic mode, i.e. with at
least two helicase monomers catalyzing the unwinding of a sin-
gle DNA molecule in a synergistic/cooperative manner. The
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corresponding assembly mechanism is directly dependent on
the number of ss-3'-tails present on the DNA substrate and the
total length of the substrate, with both the duplex and the
3’-ssDNA-flanking regions contributing to the cooperative
assembly. However, it is important to note that the Hill coeffi-
cients characterizing the functional cooperativity and the bind-
ing of helicase to the DNA substrate (7, 1 and 715p, respec-
tively; the values are summarized in Table 2) are not identical.
The 71, - value was found to be systematically higher than the
gnp Value for a given DNA substrate, suggesting that the
cooperative DNA binding mode of helicase alone does not fully
explain the functional cooperativity (see below).

Kinetic Study under Multiple Turnover Conditions—FCCS
experiments were also carried out to determine the unwinding
activity under Michaelis-Menten conditions in which the DNA
substrate is present in excess over enzyme. The concentration
of total DNA substrate was varied using mixtures of labeled/
unlabeled dsDNA (constant concentration of labeled dsDNA, 5
nM, with increasing concentrations of unlabeled dsDNA), as
fluorescence fluctuation spectroscopy and FCS/FCCS analysis
are not compatible with high concentrations of fluorescent
entities in the excitation volume. The results and corresponding
Eadie-Hofstee plots are shown in Fig. 7 for two DNA substrates, a
66-bp (Fig. 7A) and a 22-bp (Fig. 7B) substrate. Unlike the single
turnover rate constant &, (measured under conditions in which
enzyme was present in excess over DNA substrate), which was
found to be strongly dependent on DNA substrate size, the multi-
ple turnover k_,, parameter was not or was only slightly affected by
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FIGURE 2. Relationship between helicase unwinding activity and the
decrease in amplitude of the cross-correlation function. This is an exam-
ple of a reaction mixture containing 5 nm double-labeled 45-bp DNA sub-
strate (Q4s«ai(10/Ras*re10y) @nd 10 nm E. coli RecQ helicase in the reaction
buffer (see “Experimental Procedures”). A and B, wild-type helicase. C, K53A
mutant. The helicase-DNA complexes were formed at 37 °C and incubated for
afurther 10 min. The temperature was then lowered to 25 °C, and the unwind-
ing reaction was monitored upon the addition of 1 mm ATP (A and C) or an
equivalent volume of reaction buffer without ATP (B).

substrate size (K q¢ 25 mer = 0.128 min~ " and k66 mer = 0.110
min '), confirming that only a high enzyme:DNA ratio is compat-
ible with the synergistic activity of multiple helicase monomers on
the same DNA substrate.

Spontaneous Rehybridization after Unwinding Decreases the
Apparent Unwinding Rate—The rehybridization of the two
newly separated strands, occurring immediately after DNA
unwinding and helicase translocation, may lead to an underes-
timation of helicase activity as monitored by FCCS, particularly
for long DNA substrates. Thus, we characterized quantitatively
the effects on the unwinding rate constant of the rehybridiza-
tion process. To address this question, we measured the
unwinding activity using the 66-bp DNA substrate (harboring
two ss-3'-tails (10 bases)) under single turnover conditions as
described above, except that increasing concentrations of
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FIGURE 3. Single turnover study of the unwinding reaction. A, example of
a time course of the unwinding reaction under single turnover conditions for
the 45-bp DNA substrate (Q sxaj(10y/Ras*re(10))- DNA and E. coli RecQ helicases
concentrations were 5 and 10 nm, respectively (Tuinging = 37 °C; Treaction =
25 °C). The amount of unwound DNA was estimated according to the cross-
correlation function, g, 1.(7), and Equation 3. The single turnover rate con-
stant, k.., was then calculated from: [DNAl, wound/[PNAliga = 1 —
exp(—Kopst). B, kops = f([RecQ helicase]) for different DNA substrate lengths.
DNA concentration was 5 nm. The temperature at which DNA binding
occurred (before the addition of ATP) was Tpinging = 37 °C (T eaction = 25 °C)-
White circles, 66 bp (Weexai(10/Xeste(10))i black circles, 45 bp (Qgs«aio)/
Rasvreqio)); White squares, 22 bp (lLyxai10y/J22v1e(10)); black squares, 13 bp

138100/ G13+7e(10)- G, influence of preincubation temperature (correspond-
ing to the DNA binding step: white circles, T°y;ging = 37 °C; black circles,
Thinding = 25 °C) on the subsequent reaction rate (measured at T acrion =
25°C). DNA concentration was 5 nm (66-bp substrate (Weg«ai(10)/Xss*Te(10))-
The Hill coefficients characterizing the functional cooperativity (h,7) are indi-
cated for each condition.

ssODNs (7-45 nucleotides) were added to the preformed
helicase-DNA substrate complexes before adding ATP.

All of the ssODNs in Fig. 84 correspond to DNA sequences
complementary to one strand of the duplex region of the sub-
strate (see Table 1). Two different effects were observed
depending on the size of the ssODN. For short ssODNs (7 and
10 mer), the unwinding activity was first stimulated at low
concentrations of ssODN, with concentrations of about 100 -
120 nm required for optimal activity. Beyond this critical con-
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These effects of short ssODNs on
unwinding activity were compared
with the effects of SSB under similar
experimental conditions (Fig. 9A).
A similar stimulatory effect on the
single turnover rate constant
(increase by a factor of up to 4) was
observed for concentrations of SSB

10

[RecQ helicase], nM

up to 150 nm. The SSB-dependent
stimulation of activity may result
from two different mechanisms: (i)
SSB may prevent the rehybridiza-
tion process in a manner similar to
that for short ssODNs, because
SSB strongly inhibits annealing
(44-47); or (ii) SSB may bind to
ssDNA products, thereby increas-
ing the concentration of helicase
available for catalysis. Under single
turnover conditions, the first mech-
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FIGURE 4. DNA binding properties of the E. coli RecQ helicase. DNA binding was performed in the reaction
buffer and measured by monitoring steady-state fluorescence anisotropy (see details under “Experimental
Procedures”) at 25 °C (black circles) or 37 °C (black squares). A-D, all DNA substrates were single-labeled with
Alexa488: A, 66 bp (Wesxai(10)/Zss(10)); B: 45 0P (Qusxaqiop/Sascio)i G 22 bp (oxaiioy/Laaiio)i Ds 13 bp (Fisxaiioy/
H,340)- E Hill coefficient (related to the DNA binding step, figp) as a function of DNA substrate length at two

temperatures: 25 °C (black circles) and 37 °C (black squares).

centration, unwinding activity was inhibited. By contrast, only
inhibitory effects were observed with longer ssODNS, such as
32 and 45 mer. Moreover, non-complementary 7- and 10-mer
sequences displayed no stimulation phase (Fig. 8B). These
results indicate that the stimulation phase is due to the compet-
itive hybridization of short ssODNs to the unwound comple-
mentary strand, whereas inhibition is probably due to trapping
effects, i.e. helicase binding to ssODN. Indeed, mostly inhibi-
tory effects were observed with the longer complementary
ssODNSs, 32 and 45 mer, with higher affinities for helicase
(K 42pp = 26 and 12 nw, respectively, Fig. 8C). The affinities of
helicase for shorter ssODNs (7 and 10 mer) were much lower
(K 42pp = 95 and 88 nw, respectively, Fig. 8C). Consequently, in
the latter case, concentrations up to 100 nMm were not sufficient
to trap helicase to an extent that substantially counteracts the
stimulatory hybridization effect. Therefore, such concentra-
tions of ODN stimulate rather than inhibit unwinding, favoring
hybridization between the short ODN and the newly unwound
complementary strand over rehybridization of the unwound
strands.
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10 15 20

anism alone probably accounts for
the stimulatory effect. As shown in
Fig. 9B, the stimulatory SSB effect
was significantly stronger under
multiple turnover conditions (in-
crease by a factor of up to 18). We
therefore hypothesized that both
mechanisms contribute to the stim-
ulation of helicase activity in multi-
ple turnover conditions. However,
high SSB concentrations (>150 nm)
decreased helicase activity under
both single and multiple turnover
conditions, with a more pro-
nounced effect under single turn-
over conditions. E. coli RecQ heli-
case has been shown to interact
physically with SSB, and a related
stimulatory effect of SSB on the unwinding activity has been
suggested (48, 49). Nevertheless, the relatively high K, value
characterizing this interaction (6 uM) cannot fully explain the
stimulatory effects observed under our experimental condi-
tions (below 150 nm SSB). By contrast, this K, value is more
compatible with a relationship between the formation of heli-
case-SSB complexes and the observed inhibitory effect for SSB
concentrations above 150 nm. This is consistent with the obser-
vation that SSB-mediated inhibition is more potent under sin-
gle turnover conditions, because under multiple turnover con-
ditions (excess of DNA over helicase), ssDNA products may
compete with RecQ helicase for binding to SSB.

Insight into the Origin of the Functional Cooperativity—The
strong dependence of the single turnover kinetic rate constant
on the DNA substrate size is compatible with the simultaneous
unwinding of an individual DNA substrate by multiple helicase
monomers. This functional cooperativity primarily originates
from the simultaneous binding of multiple helicase monomers
to the same DNA molecule prior to catalysis. However, as men-
tioned above, the Hill coefficients related to the functional
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FIGURE 5. Influence of the number of ss-3’-tails on the cooperative DNA
binding and reaction modes. The study of k. = f([RecQ helicase]) (see
experimental conditions in the legend for Fig. 3B; T°,;nging = 37 °C; Treaction =
25 °C) was repeated, varying the number of ss-3'-tails for two DNA substrate
lengths. A, 45 bp: black circles, two ss-3'-tails (Qus«aj(10y/Ras teqro)); black
squares, one ss-3'-tail (Q sxai(10y/Oasvre); White squares, blunt (Ns.1/O,sre)-
B, 66 bp: black circles, two ss-3'-tails (Wggxa 10/ Xss*1e(10)); black squares, one
s5-3"-tail (Wegxai(10//Ussre); White squares, blunt (Tgg.a/Uggere). The Hill coeffi-
cients characterizing the functional cooperativity (h,7) are indicated for each
condition. C, Hill coefficients (DNA binding step, fgp) for the different DNA
substrates at two temperatures: 25 °C (black) and 37 °C (white). DNA binding
experiments were carried out as described in the legend for Fig. 4. The DNA
substrate names are indicated in parentheses (see also Table 1 for
nomenclature).

cooperativity were found to be systematically higher than the
corresponding coefficients related to the DNA binding step
(Table 2). We next assessed whether post-catalytic events may
also contribute to the observed positive functional cooperativ-
ity. Indeed, under single turnover conditions, the excess of heli-
case over DNA substrate is compatible with the binding of heli-
case molecules to the newly unwound DNA strands, leading to
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an apparent cooperative effect by minimizing the rehybridiza-
tion process.

We reasoned that if the helicase binding to the ssDNA
product significantly contributes to the overall functional
cooperativity, this contribution should decrease in the pres-
ence of short complementary ssODNs that also minimize the
rehybridization process (see previous section). We then per-
formed a comparative study by measuring k. as a function of
helicase concentration (using the 66-bp DNA substrate,
Weerai0y/ Xes-Te(10)) in the absence or presence of the short
complementary 10-mer ssODN at 120 nm (which prevents the
rehybridization process and stimulates unwinding activity,
with optimum concentration ~ 120 nm as shown in Fig. 8).
Although an overall stimulatory effect was observed (confirm-
ing the result shown in Fig. 84), the functional cooperativity
was significantly reduced (from 71, = 5.8 to H,cr = 3.3)
upon the addition of the complementary 10-mer ssODN (Fig.
10A). This result indicates that in the presence of the comple-
mentary 10-mer ssODN, the response of unwinding activity to
helicase concentration is weaker, as confirmed in Fig. 10B (top).
It is important to note that only a slight decrease in the 71,
value (from 5.8 to 5.3) was observed using a non-complemen-
tary 10-mer ssODN (competent for helicase binding but not
competent to prevent the rehybridization process) (Fig. 10, A
and B (bottom)).

Taken together, these results show that (i) the specific
decrease in the cooperativity coefficient by the short comple-
mentary 10-mer ssODN is not explained by the propensity of
the ODN to trap helicase, and (ii) the complementary 10-mer
ssODN prevents the rehybridization process and then mini-
mizes the impact of the post-catalytic binding of helicase mol-
ecules to newly unwound ssDNA products. Consequently, the
overall functional cooperativity is significantly reduced, indi-
cating that two mechanisms contribute to the functional coop-
erativity under standard conditions. The first one is direct, with
the possibility of having multiple helicases that cooperate for
DNA unwinding. This mechanism appears to be strongly
related to the cooperative DNA binding mode of helicase. The
second mechanism is indirect and involves the binding of the
newly unwound DNA strands by helicase molecules. It is note-
worthy that the Hill coefficient characterizing the functional
cooperativity as obtained in the presence of the short comple-
mentary sSODN (71, = 3.3) is more consistent with the Hill
coefficient characterizing the DNA binding step for the same
DNA substrate (71 = 2.8) (see Fig. 4E and Table 2, first line).

DISCUSSION

This study demonstrates that the FCCS approach is particu-
larly suitable for monitoring helicase activity. We used this
approach to study the unwinding activity of E. coli RecQ heli-
case in both single and multiple turnover conditions. Interest-
ingly, in single turnover conditions, strong functional coopera-
tive effects were observed. These effects were dependent on
several factors, namely the total length of dsDNA, the number
and size of ss-3'-tails, and temperature. The dependence of the
single turnover kinetic rate constant on both helicase concen-
tration and DNA substrate size suggests cooperative/synergis-
tic effects compatible with the simultaneous unwinding of an
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recent study by Zhang et al. (26)
performed at 25 °C. To date, only a
cooperative response of E. coli RecQ
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here that the E. coli RecQ helicase
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and that the cooperative DNA
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FIGURE 6. Influence of the size of the ss-3'-tails on cooperative DNA binding and reaction modes. This is
a study of ko, = f([RecQ helicase]) (T°yinding = 37 °C Treaction = 25 °C) using DNA substrates harboring one or
two ss-3’-tails of variable size (10-30 bases long) (see Fig. 1D and Table 1). A, two ss-3'-tails. Left, 45-bp
substrate with two 3'-ssDNA-flanking regions of: 10 bases (black circles, Q sxai10)/Raste(10)s 20 bases (black
squares, Qs«ai20)/Rasvre(20), OF 30 bases (black triangles, Q sxp;30)/Ras tezo))- Right, 22-bp substrate with two
3’-ssDNA-flanking regions of: 10 bases (white circles, |,5xa110y/d22+1e(10) 20 bases (white squares, 1,p20/
Jy2etea0), OF 30 bases (white triangles, |,5.a1z0)/J22v1e30)- B, One ss-3'-tail. Left, 45-bp substrate with one
3’-ssDNA-flanking region of: 10 bases (black circles, N5« i/Rysste(10)): 20 bases (black squares, N sa/Rasere20)s
or 30 bases (black triangles, N 5:a/R4s+1e30))- Right, 22-bp substrate with one 3’-ssDNA-flanking region of: 10
bases (white circles, E,pup/)55ete(10)): 20 bases (white squares, B« /)5 2x1e(20)) OF 30 bases (white triangles, E, . p/
Jy2+1e(z0))- The Hill coefficients characterizing the functional cooperativity (Macy) are indicated for each condi-
tion. C, Hill coefficients (DNA binding step, hg\p) for the 45-bp DNA substrate containing either one (circles) or
two (squares) ss-3'-tails as a function of the ss-3'-tail length. DNA binding was performed in the reaction buffer
and measured by monitoring steady-state fluorescence anisotropy at 37 °C (see details under “Experimental

Procedures”).

individual DNA substrate by multiple helicase monomers.
Consequently, the apparent unwinding activity is strongly stim-
ulated by increasing DNA substrate length and using a high
helicase:DNA ratio. Consistent with this finding, no such
dependence on DNA size was observed in multiple turnover
conditions, ie. in which the DNA substrate was present in
excess over helicase. Furthermore, we observed a direct rela-
tionship between the cooperative properties of helicase binding
to the DNA substrate and subsequent cooperative effects
occurring at the catalytic level. All of the factors listed above
(length of duplex region, number and length of ss-3'-tails, and
temperature) influence both the DNA binding mode (coopera-
tive or not) and the functional cooperativity. No cooperative

MARCH 5, 2010+VOLUME 285+-NUMBER 10

T

20

[ RecQ helicase], nM

T T

40 60 binding mode of helicase at this

temperature fully accounts for
the sigmoidal response of helicase
activity to ATP concentration (see
below). Finally, we show that the
functional cooperativity is a com-
posite parameter, taking into
account two distinct cooperative
effects: the first one corresponds
to a cooperative DNA binding

Dycr

20
[ RecQ helicase], nM

mode of helicase prior to unwind-
ing, with the possibility of multiple
RecQ helicases functioning simul-
taneously on the same DNA sub-
strate, as mentioned above;
whereas the second mechanism
corresponds to a post-catalytic
process involving the binding of
helicase molecules to newly
unwound ssDNA products. The lat-
ter mechanism prevents the rehy-
bridization of newly separated
strands, leading to an apparent
stimulatory effect that is also depen-
dent on enzyme concentration.
FCCS, like other fluorescence-
based methods (e.g. fluorescence
anisotropy and FRET)), is a sensitive
method for the direct measurement
of helicase activity without the need
to separate the ssDNA product
from the dsDNA substrate by gel
electrophoresis. In steady-state fluo-
rescence anisotropy, the difference
in size between the helicase-dsDNA
substrate complex and the released
fluorescently labeled strand is measured (28). This means that
the fluorescence anisotropy approach is compatible with
single turnover conditions only (ensuring initial saturation
of the DNA substrate). In addition, the decrease in anisot-
ropy accompanying unwinding activity may be very small if
helicase remains bound to the labeled strand, complicating
analysis. However, this particular problem has been circum-
vented by Xu et al. (28) using a short labeled strand (<13
mer) with a lower affinity for helicase (confirmed in Fig. 8C).
Unlike fluorescence anisotropy, FCCS does not measure a
size change; it is sensitive only to the concomitant diffusion
of the two fluorescently labeled DNA strands, with high
cross-correlation amplitude characterizing the duplex mol-
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TABLE 2

Hill coefficients characterizing the functional cooperativity (n,c7)
and the cooperative DNA binding mode (hg\p)

DNA substrate o, . .
i i
Duplex region No. of ss-3'-tails” Act BIND
66 bp X2 (10) 58*03 2802
%1 (10) 45+04 1.55 + 0.3
45 bp X2 (10) 43+04 2.25 * 0.25
X2 (20) 4.7 +03 27 +03
%2 (30) 52+ 0.4 2.8 = 0.35
%1 (10) 32+03 13+0.15
%1 (20) 43+03 1.85 + 0.25
%1 (30) 4.8+ 04 2.05 = 0.25
22 bp X2 (10) 33*02 20=*03
13 bp X2 (10) 28*03 1.45 £ 0.25

“ Length (in number of bases) is shown in parentheses.

? Corresponding to T hinding = 37 °Cand T ¢acrion = 25 °C. See more experimental
details in the legend for Fig. 3.

¢ Corresponding to T°p;,qing = 37 °C. See more experimental details in the legend for
Fig. 4.
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FIGURE 7. Multiple turnover study of the unwinding reaction. Michaelis-
Menten plots for two DNA substrate lengths (inset, corresponding Eadie-Hof-
stee plots). A, 66-bp substrate. B, 22-bp substrate. 5 nm double-labeled DNA
substrate (Wggxai10y/Xs6rte(10) @Nd Lyoxai10y/d22ve(10) O the 66-and 22-bp sub-
strates, respectively) was mixed with increasing concentrations (0-60 nm) of
the unlabeled version of the DNA substrate (Ygg10//Zss(10) @Nd Koo10y/La210)
for the 66- and 22-bp substrates, respectively) and preincubated at Ty ging =
37 °Cwith 10 nm E. coli RecQ helicase in the reaction buffer. The temperature
was then lowered to 25 °C, and the unwinding reaction was initiated by add-
ing 1 MM ATP (T°eaction = 25 °C). The total concentration of DNA substrate
([S] = labeled + unlabeled) is reported on the x axis. Equilibrium and kinetic
parameters are reported in the insets.

ecule and a significant decrease in this amplitude upon phys-
ical separation of the two strands. This method is therefore
not limited by the size of the DNA strands initially consti-
tuting the DNA substrate.
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FIGURE 8. Dual effect of complementary single-stranded oligonucleo-
tides on the unwinding rate constant. A, the unwinding experiment was
performed with the 66-bp DNA substrate (Wygxai10)/Xs6-1e(10)) iN the presence
of increasing concentrations of complementary ssODNs of variable sizes:
white squares, 7 mer (B,); black squares, 10 mer (D, ,); black circles, 32 mer (M,);
white circles, 45 mer (P,s). The DNA substrate and E. coli RecQ helicase con-
centrations were 5 and 35 nm, respectively (T°,inqing = 37 °C; Treaction = 25 °C).
B, control experiments with random non-complementary sequences. White
triangles, 7 mer (B',); black triangles, 10 mer (D’ ). C, apparent K, values char-
acterizing the interaction between RecQ helicase and ssODNs as a function of
ODN length. K, ,,,, values were determined by steady-state fluorescence ani-
sotropy using the following Alexa488-labeled ODNSs: A. 5\, C; g« |22+a110,@Nd
N,s+p for 7, 10, 32, and 45 mer, respectively.

However, it is important to note that the inherent problem of
the ssDNA binding properties of helicase, although not techni-
cally limiting in FCCS, results in a strong underestimation of
unwinding activity, particularly in multiple turnover condi-
tions. Indeed, the binding of helicase to ssDNA products com-
petes with binding to dsDNA substrates, limiting activity. SSB
partly counteracts this effect, thereby increasing apparent cat-
alytic activity (50). Moreover, the other stimulatory effect of
SSB on helicase activity, through the inhibition of spontaneous
rehybridization of unwound strands, is probably common to
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FIGURE 9. Comparative study of SSB effects on the unwinding activity of
E. coli RecQ helicase under single and multiple turnover conditions. The
unwinding experiments were performed with the 66-bp DNA substrate
(Wesrair0/Xssre10)) in the presence of increasing concentrations of SSB.
A, single turnover conditions (see experimental conditions in the legend for
Fig. 8A). B, multiple turnover conditions (see experimental conditions in the
legend for Fig. 7). C, DNA binding isotherms (measured by fluorescence ani-
sotropy) of SSB (at 25 °C) using either ssSDNA (circles, Wggxp 10)) OF dSDNA (tri-
angles, Wegxai10//Zss(10)-

both the single and multiple turnover modes of catalysis. The
participation of the two mechanisms in the stimulation of heli-
case activity under multiple turnover conditions, with only one
mechanism thought to be involved in single turnover condi-
tions (rehybridization inhibition), probably accounts for the
more efficient stimulation of DNA unwinding by SSB in multi-
ple turnover than in single turnover conditions (Fig. 9). How-
ever, the precise nature of the mechanism of SSB-mediated
stimulation is not clear so far, because SSB was recently
reported to also stimulate E. coli RecQ helicase through a direct
physical SSB-RecQ helicase interaction (48, 49). However,
given its K, value (6 um), this interaction is unlikely to be
responsible for the SSB-mediated stimulatory effect observed
under our experimental conditions. The apparent K, value
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FIGURE 10. Functional cooperativity is also controlled by a post-catalytic
event. A, k,,,s = f([RecQ helicase]) for the 66-bp DNA substrate (Wegsxaj10y/
Xssrter0)) IN the absence (circles) or presence of either complementary
(squares, D,,) or non-complementary (triangles, D', ) single-stranded 10-mer
ODN. The experimental conditions were identical to those described in the
legend for Fig. 3B (T°yinging = 37 °C; Treaction = 25 °C). The concentration of
D,, or D', was 120 nm. The Hill coefficients characterizing the functional
cooperativity (1ac7) are indicated for each condition. B, ratio between k¢
measured in the presence (+ODN) and absence (—ODN) of single-stranded
10-mer ODN as a function of helicase concentration. Top, ODN = D, ; bottom,
ODN = D',

characterizing the SSB-ssDNA interaction, as measured by fluo-
rescence anisotropy (K, ,,, = 94 nm; Fig. 9C), is more consis-
tent with the observed stimulatory effect below 150 nm SSB,
reinforcing the idea that SSB primarily counteracts both trap-
pingand rehybridization effects. By contrast, it seems likely that
the inhibition phase, observed for SSB concentrations above
150 nM, may be at least partly due to this helicase-SSB interac-
tion. Alternatively, high SSB concentrations may displace heli-
case from the DNA substrate ss-3'-tails.

Short complementary ssODNs (typically 7 or 10 mer) have
similar stimulatory effects on helicase activity by minimizing
spontaneous rehybridization. However, as found with SSB,
this stimulation was limited, as it was followed by a marked
inhibition phase, due to competitive interactions, that was det-
rimental to activity. In the case of short ssODNS, this inhibition
can be explained by their significant affinities for helicase
(K ,app = 95 and 88 nm for 7 and 10 mer, respectively). Indeed,
longer ssODNs (32 or 45 mer) with even higher affinities (K,
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< 25 nm) displayed inhibition profiles only. Therefore, due to
competitive interactions, SSB and short ssODNs most likely
only partially increase the apparent unwinding rate, and their
stimulatory effects may therefore be considered modest.
Indeed, the apparent unwinding rate of 0.01-0.06 s~ ' deter-
mined in this study for FCCS (depending on the nature of the
DNA substrate used and experimental conditions) is globally
consistent with rates from other studies, 0.03—0.2 s~ * (28, 37),
but is much lower than the rate of 8 s~ ! recently determined by
FRET/stopped-flow experiments (26). Unlike FRET, the cross-
correlation signal in FCCS is independent of interfluorophore
distance and the structural dynamics of the attached fluoro-
phores. FCCS is sensitive only to the physical and complete
separation of the two DNA strands and is therefore less sensi-
tive to early catalytic events. This suggests that spontaneous
rehybridization may be more problematic in FCCS than in the
FRET/stopped-flow approach.

The enzyme excess under single turnover conditions also
contributes to the prevention of spontaneous rehybridiza-
tion, because of the ability of helicase to bind to the newly
unwound ssDNA product (post-catalytic process). This contri-
bution is reduced in the presence of a short complementary
ssODN but not in the presence of a non-complementary
ssODN of equivalent length (Fig. 10). Moreover, we found that
this post-catalytic process contributes significantly, together
with the possibility of multiple helicase molecules functioning
simultaneously on the same DNA substrate, to the high func-
tional cooperativity (71, = 5.8 for the 66-bp substrate)
observed under standard conditions, i.e. without any addition
of either short complementary ssODNs or SSB. The inhibition
of the DNA rehybridization upon the addition of short comple-
mentary ssODNs significantly reduces the impact of the heli-
case binding to newly unwound DNA strands. Consequently,
the 71,1 value decreases (3.3 for the 66-bp substrate). This
latter value is more consistent with the corresponding 75 p
value (2.8), which is independent of post-catalytic events. It
is important to note that the post-catalytic binding of heli-
case to the ssDNA product is most likely detrimental for
activity under multiple turnover conditions because it
decreases the concentration of available enzyme for catalysis in
subsequent turnovers. There is no such effect under single
turnover conditions, as only the activity related to preformed
complexes is measured.

We found that the binding to DNA of E. coli RecQ helicase
was cooperative at 37 °C but was essentially non-cooperative
at 25 °C. Moreover, the cooperativity coefficient continuously
increased with the duplex region size of the DNA substrate and
was also strongly dependent on the number/size of ss-3’-tails.
Consequently, a high cooperativity index was obtained at 37 °C
for long DNA substrates harboring two ss-3'-tails. It has been
shown previously that the binding of RecQ helicase to DNA is
non-cooperative at 25 °C with DNA substrates containing one
ss-3'-tail (26). Our results obtained under similar conditions
confirmed this statement. Furthermore, our results highlight
the existence of different modes of DNA binding by E. coli
RecQ helicase as a function of temperature, suggesting that
only a specific protein conformation is compatible with coop-
erative assembly. Cooperativity also was found to be strongly
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related to the DNA substrate size, and the very low level of
cooperativity observed for the short DNA substrate (13 bp)
even at 37 °C is compatible with the previously determined
binding size of 9 -10 nucleotides for a monomeric unit (26, 51).
As RecQ helicase is active with short DNA substrates, although
no cooperativity is associated with such substrates, we con-
cluded that the monomer is sufficient to ensure DNA unwind-
ing. Moreover, the dependence of both 7, 1 and 715 coeffi-
cients on the DNA substrate length argues against the existence
of a specific higher order multimeric state and, most likely,
reflects the number of loaded helicases on the substrate;
increasing the DNA length favors the binding of multiple cata-
lytic entities, thereby increasing the apparent unwinding activ-
ity. This functional cooperativity, in association with a cooper-
ative DNA binding mode, suggests that RecQ helicase
monomers may function in a concerted manner on an individ-
ual DNA molecule, resulting in a substantial increase in the
unwinding activity when multiple monomers are simulta-
neously bound to the DNA substrate. This property appears to
be common to several monomeric helicases such as the hepati-
tis C virus helicase (52, 53), bacteriophage T4 Dda (54), and
yeast Piflp (55). Several models have been proposed to explain
the related stimulation of activity, including the possibility of a
monomer preventing spontaneous rehybridization behind
another monomer after its translocation. It is important to note
that no cooperativity in DNA binding has been evidenced for at
least two of these monomeric helicases: hepatitis C virus heli-
case (53) and Dda (54). For the E. coli RecQ helicase, we show
that functional cooperativity is correlated with the presence of
a cooperative DNA binding mode. Indeed, all factors modulat-
ing the Hill coefficient characterizing the helicase-DNA inter-
action also influence functional cooperativity. Although the
physical significance of this correlation remains to be eluci-
dated, one can reasonably hypothesize that, as mentioned
above, the cooperativity reflects the number of helicase mole-
cules bound to the same DNA substrate. This number is clearly
controlled by the number and length of ss-3'-tails (Figs. 5 and 6)
(already shown by others to be an important factor controlling
the number of loaded helicases on the DNA substrate (53)).
However, cooperativity significantly increases with increasing
duplex DNA region size (Figs. 3 and 4). Taking into account
that all DNA substrates used in Figs. 3 and 4 contained the same
number of ss-3'-tails and had identical single-stranded tail
lengths, our results indicate that the internal duplex region, not
only the ss-3'-tail, plays an important role in the cooperative
DNA binding mode. Interestingly, no cooperativity was evi-
denced with blunt-ended DNAs (even with long 45- or 66-bp
DNAs (Fig. 5C)) with a concomitant loss of activity. Moreover,
cooperativity is not strictly required for subsequent unwinding
activity, as shown in the case of the short 13-bp DNA substrate
or when helicase activity is measured at 25 °C, regardless of the
DNA size. Altogether, our results indicate that: (i) the ss/ds
junction is essential to initiate the catalytic reaction; (ii) the
ss/ds junction also promotes cooperative assembly of DNA-
helicases complexes, although this role is not catalytically
essential; and (iii) the duplex region may contribute to the
cooperative assembly but only if the DNA substrate harbors at
least one ss-3'-tail, which is then strictly required to promote
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cooperative assembly. It has been suggested that RecQ helicase
preferentially binds to ss/ds DNA junctions (26). At first sight,
such a preference would account for the effect of the number
of ss/ds junctions on the cooperativity. These ss/ds junctions
with a 3'-ssDNA-flanking region play a critical role in con-
trolling the entry process of RecQ helicase, which unwinds
dsDNA in the 3" — 5’ direction. Consequently, the presence
of two ss-3’-tails makes it possible for helicase molecules to
unwind and translocate along DNA from the two opposite
3'-ends, increasing apparent unwinding rate. Taking into
account that unwinding activity cannot be initiated from the
DNA duplex region, although the cooperative binding of
helicase to the duplex region contributes positively to the
unwinding reaction, we hypothesize that one role of helicase
molecules bound to the duplex region could be to substitute
for another helicase, in the case of premature dissociation of
a poorly processive helicase from the DNA substrate. How-
ever, the exact mechanism behind the cooperative effects
occurring at each ss/ds junction with significant contribu-
tions from both the duplex region and ss-3’-tail remains to
be elucidated.

Interestingly, a previous study described a cooperative
dependence (sigmoidal response) of E. coli RecQ helicase on
ATP concentration (at 37 °C) characterized by a Hill coefficient
of 3.3, suggesting that helicase functions as an allosteric mul-
timeric enzyme (at least trimeric and possibly hexameric) (27).
This finding apparently conflicts with the finding of others
studies showing that RecQ helicase functions as a monomer
(26, 37). Moreover, another study states that RecQ helicase
binds DNA with no cooperativity (26). It is noteworthy that, in
the latter case, the study was carried out at 25 °C, corresponding
to the conditions in which no cooperativity was observed in our
assays. By contrast, we found that a significant cooperative
DNA binding mode exists at 37 °C. We addressed the possibil-
ity that the cooperative response of helicase activity to ATP
concentration is only apparent and that it originates in the
cooperative assembly of helicase-DNA complexes rather than
an allosteric transition. Supplemental Equation 11 (see “Appen-
dix”) shows that helicase activity may display a cooperative
response to ATP concentration simply because of the indirect
cooperative effects at the DNA binding level, in the absence of
any allosteric transition and higher order oligomeric organiza-
tion, which reconciles most of the apparent contradictions in
previous reports. To further investigate the relationship
between cooperative DNA binding by helicase and its cooper-
ative behavior in terms of ATP dependence, we measured
the rate of unwinding in the presence of increasing concen-
trations of ATP at two temperatures: 25 and 37 °C. In
accordance with our model, stronger cooperative behavior
was observed at 37 than at 25 °C (Fig. 11). The Hill coefficient at
37°C, 2.6 (Fig. 11A), is compatible with the Hill coefficient
characterizing helicase-DNA complex formation for a similar
DNA length, 715, = 2.8 (Fig. 4B). The corresponding coeffi-
cients at 25 °C were also consistent at 1.4 (Fig. 11B) and 1.35
(Fig. 4B), respectively. The slightly lower than previously
reported Hill coefficient (2.6 in this study and 3.3 in Ref. 27)
characterizing the response to the ATP concentration may be
due to the nature of the DNA substrate used, which is shorter in
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our study. Importantly, the contribution to the overall func-
tional cooperativity of DNA rehybridization inhibition by post-
catalytic helicase binding to newly unwound DNA strands
probably does not interfere with the cooperative dependence of
helicase on ATP concentration, as suggested by the good cor-
relation obtained between 71, and the Hill coefficient related
to the cooperative response to ATP, regardless of the presence
or absence of short complementary ssODNs in the helicase
assay. The x-ray structure of the DNA-free catalytic core of
E. coli RecQ helicase (named RecQAC; 516 amino acids) shows
a monomeric protein (56) in accordance with biochemical and
biophysical characterizations of the DNA-free full-length pro-
tein (610 amino acids) by time-resolved fluorescence anisot-
ropy and analytical ultracentrifugation (37). Altogether, our
results indicate that RecQ helicase monomers bind coopera-
tively to long DNA substrates and cooperate in DNA unwind-
ing, although the catalytic unit is actually the monomeric form,
which is functionally sufficient for short substrates. In conclu-
sion, this cooperative DNA binding mode accounts for the sig-
moidal response of helicase unwinding activity to ATP.
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