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ABSTRACT: RSC (remodel the structure of chromatin) is an essential chromatin remodeler
of Saccharomyces cerevisiae that has been shown to have DNA translocase properties. We
studied the DNA binding properties of a “trimeric minimal RSC” (RSCt) of the RSC
chromatin remodeling complex and the effect of nucleotides on this interaction using
fluorescence anisotropy. RSCt binds to 20 bp fluorescein-labeled double-stranded DNA with a
Kd of ∼100 nM. The affinity of RSCt for DNA is reduced in the presence of AMP-PNP and
ADP in a concentration-dependent manner with the addition of AMP-PNP having more
pronounced effect. These differences in the magnitude at which the binding of ADP and AMP-
PNP affects the affinity of DNA binding by RSCt suggest that the physical movement of the
enzyme along DNA begins between the binding of ATP and its subsequent hydrolysis. Furthermore, the fact that the highest
affinity for DNA binding by RSCt occurs in the absence of bound nucleotide offers a mechanistic explanation for the apparent
low processivity of DNA translocation by the enzyme.

Eukaryotic DNA is organized into a packaged structure
called chromatin. The fundamental repeating unit of

chromatin is a nucleosome which is made up of a histone
octamer (two molecules each of the four core histones H2A,
H2B, H3, and H4) and the associated DNA.1,2 This packaging
of the DNA serves two purposes: first, the associated reduction
in the total volume of the DNA allows it to fit within the nuclei;
second, this compacted structure helps to regulate the access of
factors involved in transcription, replication, and repair to the
DNA.3,4 Alteration of the chromatin structure is accomplished
either by the covalent modification of the histones through
post-translational modifications such as acetylation, methyl-
ation, and phosphorylation or through the activity of a
specialized group of enzymes called chromatin remodelers.5−7

Chromatin remodelers are molecular motors that use the
energy obtained from the binding and hydrolysis of ATP to
alter the structure, position, and functional state the of
nucleosomes.3 All chromatin remodelers share a conserved
ATPase domain and are further classified into four families
based on both unique domains within their ATPase subunits
and unique associated subunits.3 On the protein sequence level,
the ATPase domain of chromatin remodelers has been reported
to have significant homology with those found in members of
the families of the helicase protein;8 indeed, remodelers can be
classified as members of helicase superfamily 2 (SF2). Several
remodelers have been shown to be ATP-dependent DNA
translocases, and this DNA translocation ability forms the basis
of several models for nucleosome repositioning by remod-
elers.3,8−10

RSC (remodel the structure of chromatin) is an essential and
abundant chromatin remodeler that has been isolated from the
yeast Saccharomyces cerevisiae. RSC has been shown to
reposition nucleosomes from the center of DNA fragments

toward the ends without disrupting their integrity and is also
capable of translocating along single- and double-stranded
DNA.11−14 The ATPase subunit of RSC, Sth1, has also been
shown to function as a monomeric DNA translocase like some
members of the SF2 family of helicases.13 During their
movement along the DNA, these translocases continually
experience repeated cycles of ATP binding, ATP hydrolysis,
release of ADP and inorganic phosphate, movement along the
DNA, and possibly additional conformational changes.11−15 To
thoroughly characterize the mechanism of ATPase-dependent
DNA translocation, it is therefore necessary to determine the
DNA- and nucleotide-binding properties of RSC and the
relation between the two; i.e., it is necessary to determine the
DNA binding affinity of RSC in its free and various nucleotide-
bound states.
In experiments reported here, a truncated version of the

Saccharomyces cerevisiae RSC was purified from a bacterial
expression system. Of the 15 subunits that form a complete
RSC, only three made up the current construct: Sth1 (301−
1097 amino acids), Arp7, and Arp9. This construct is further
cited as “trimeric minimal RSC” (RSCt). The construct used in
our experiments has the same RSC subunit composition as has
been used by Cairns et al. to characterize the DNA
translocation activity of the RSC motor.16 Sth1 is the previously
mentioned ATPase subunit of RSC that also contains the DNA
binding domain, Arp7 and 9 are nuclear actin-related proteins
that form a stable heterodimer, bind directly to the HSA
domain on Sth1, and have been found to be the essential
components of the RSC chromatin remodeling complex and
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also the SWI/SNF complex.11,15,17 A fluorescein-labeled
double-stranded DNA molecule was used as a probe to study
equilibrium DNA binding by RSCt by monitoring the changes
in the fluorescence anisotropy of the DNA molecule associated
with the binding of RSCt to the DNA. These experiments were
then repeated in the presence of varying concentrations of ADP
and AMP-PNP to determine how the binding of these
nucleotides affected its DNA binding affinity. AMP-PNP was
used as it was found to mimic ATP in ATPase activity assays as
judged by its ability to inhibit the DNA-stimulated ATPase
activity of RSCt more than other several screened ATP
analogues. Interestingly, the binding of AMP-PNP by RSCt was
associated with a significant reduction in the DNA binding
affinity of RSCt. On the basis of this result, we propose a role
for energy obtained from the nucleotide binding/ATP binding
in translocation: this energy either weakens the RSCt−DNA
contacts to facilitate translocation or is used as the final step of
a single translocation cycle to re-establish the system for
subsequent translocation.

■ MATERIALS AND METHODS
Protein Purification. RSCt was overexpressed and purified

from a bacterial overexpression system. The CDF Duet-1
vector (Novagen) bearing a Sth1 construct (301-1097aa) with a
10X histidine tag at the N-terminus was transformed into an E.
coli BL21(DE3) codon plus strain along with the RSF Duet
vector containing Arp9 and Arp7 constructs. These were
selected on streptomycin and kanamycin plates. The cells were
grown in nutrient-rich autoinducible media at 37 °C for 4 h, at
30 °C for 12 h, and at 22 °C for 24 h, harvested by
centrifugation at 6000g at 4 °C, resuspended in lysis buffer (50
mM phosphate buffer pH 7.5, 300 mM NaCl, 10% glycerol, 0.5
mM β-mercaptoethanol, and 1X protease inhibitors), and
sonicated at 30% duty cycle for 30 s 10−15 times. During and
after sonication, the cells were kept on ice. The lysate was then
centrifuged at 20 000g for 30 min at 4 °C. The supernatant was
run on a prepacked Ni-NTA column in an AKTA Express
system, and the column was equilibrated with 20 mM Tris pH
7.5, 100 mM NaCl, 10% glycerol, 0.5 mM β-mercaptoethanol,
30 mM imidazole, and 1X protease inhibitors. The protein was
eluted in a gradient using buffer containing 20 mM Tris pH 7.5,
100 mM NaCl, 10% glycerol, 0.5 mM β-mercaptoethanol, 500
mM imidazole, and 1X protease inhibitors. The protein started
eluting at ∼50% of the gradient. The purified protein was run
on 10% polyacrylamide gel containing SDS. The purified
fractions were pooled, concentrated, and then run through a gel
filtration column equilibrated with a sizing buffer (20 mM Tris
pH 7.5, 200 mM NaCl, 10% glycerol, 0.5 mM β-
mercaptoethanol, and 1X protease inhibitors). The fractions
that eluted corresponding to RSCt were pooled and
concentrated further and then frozen in liquid nitrogen to be
stored at −80 °C.
Oligonucleotide Substrates. HPLC-grade oligonucleoti-

des were purchased from IDT Technologies (Coralville, IA). A
20 basepair (bp) double-stranded DNA (5′- CCATGTC-
CATGGATACGTGG-3′ and the complementary sequence)
was used as the substrate for studying the interaction of the
nucleic acid with RSCt; this sequence was generated randomly
and selected for its relatively high GC content. Both strands
were labeled with a fluorescein label on the 5′-end. The
presence of the fluorophore did not affect the ATPase activity
of RSCt (data not shown), and thus unlabeled DNA was used
for ATPase assays reported here. The oligonucleotides were

dialyzed against Millipore distilled and deionized water to
remove the salts of the storage buffer, and the concentration
was estimated by using the molar extinction coefficient
provided on the manufacturer’s information sheet. The
double-stranded DNA was prepared by mixing 20 μM of
complementary strands in annealing buffer (10 mM HEPES,
pH 7.0, potassium acetate 40 mM) and annealed by heating to
90 °C followed by slow cooling at room temperature for several
hours.
ATPase Assay. ATPase activity was measured at 30 °C by

monitoring the hydrolysis of [α-32P] ATP. The reaction was
carried out in a buffer containing 10 mM HEPES pH 7.0, 5 mM
MgCl2, 20 mM potassium acetate, 4% glycerol, 0.5 mM DTT,
and 0.1 mg/mL BSA. RSCt at 50 nM concentration was
preincubated with the required concentration of double-
stranded DNA, and the reaction was initiated by the addition
of ATP and 1 μCi radiolabelled ATP in a 20 μL reaction.
Aliquots of the reaction samples were removed at fixed time
points and titrated with an equal volume of 0.5 M EDTA to
stop the reaction. For identifying an analogue that would
maximally inhibit the ATPase rate, 50 nM RSCt, 200 nM 60bp
double-stranded DNA, and 1 mM ATP were measured alone
and in the presence of 0.5 mM potential ATPase inhibitors
(AMP-PNP, ATP-γ-S, and [AlF4] ADP). [AlF4] ADP was used
as a mixture of equimolar concentrations of ADP and AlCl3
with a 5-fold excess of NaF. The reaction products were
separated by TLC on PEI Cellulose F sheets in 0.6 M
potassium phosphate buffer, pH 3.4, and quantified with a
PhosphorImager (GE Healthcare). ImageJ was used to quantify
the intensity of the separated bands on the TLC plates. The
rate of ATP hydrolysis was estimated by plotting the amount of
ADP produced as a function of time using KaleidaGraph
4.0.3.0.
Fluorescence Anisotropy Measurements. Fluorescence

anisotropy measurements were performed with a Varian Cary
Eclipse fluorescence spectrometer. The excitation and emission
wavelengths for the fluorescein fluorophore were 485 and 518
nm, respectively, and a 5 nm slit width was used for both
excitation and emission. The measurement was started 2 min
after the addition of the titrant (protein or nucleotide).
Triplicate measurements of the sample were automatically
recorded by instrument, and the average of these three
measurements was taken for each anisotropy value.
The titration experiments were conducted at 30 °C using a 3

mL cuvette with the same buffer used for the ATPase activity.
Protein was added into a 2.8 mL solution of 50 nM 20 bp
fluorescein-labeled DNA in a stepwise manner up to 12× the
total DNA concentration. The experiments in the presence of
nucleotide were conducted similarly with the exception that the
nucleotide at a specified concentration was added into the
DNA solution prior to the protein titration. The effect of the
nucleotide on the preformed protein−DNA complex was
measured through the titration of increasing amounts of
nucleotide into solution containing a preformed RSCt-DNA
complex as the substrate for estimation of anisotropy changes;
this complex was formed by preincubating 50 nM 20 bp DNA
with 500 nM RSCt. The change in concentrations due to
dilution during the titration was taken into account during data
analysis.
Data Analysis Fluorescence Anisotropy Measure-

ments. Although the contact size for RSC binding to
double-stranded DNA has been estimated to be 8 ± 3 bp,18

there has been no estimate of the occluded site size RSC.
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Because of this, we decided to measure the equilibrium binding
of RSCt to a 20 bp DNA molecule in order to minimize the
potential of multiple RSCt complexes binding to the same
DNA molecule. We nevertheless analyzed the equilibrium
binding isotherm for the RSCt-DNA interaction to models that
included the possibility of multiple RSCt complexes being
bound to the same DNA molecule. The best global fit of all
binding isotherms conducted at different total concentrations
of DNA and RSCt corresponded to a 1:1 binding model, with
an decreasing quality of fit as judged by the variance, with each
additional possible binding site; for example, the variance of the
fit for a 1:2 RSCt:DNA binding model was a factor of 10 larger
than the variance of the fit for 1:1 RSCt:DNA binding model.
Similar results were obtained regardless of the level of positive
or negative cooperativity that were included in the fit.
Furthermore, despite the lack of evidence for self-association
of the RSCt trimer, we also tested binding models which
included oligomerization of RSCt free in solution and DNA-
binding-stimulated oligomerization of RSCt. Again, the best fit
corresponded to a model which did not include any self-
association of RSCt. Because of these results, we are confident
that RSCt binds to the 20 bp DNA molecule as a 1:1
interaction and subsequently used that model to analyze our
data.
The various interactions involved in this model are shown in

Scheme 1, where K1 is the equilibrium association constant for

the RSCt−DNA interaction when no other cofactor/ligand/
nucleotide is present, K2 is the equilibrium association constant
for the RSCt−nucleotide interaction, K3 is the equilibrium
association constant for the preformed RSCt−DNA complex
interaction with the nucleotide, and K4 is the equilibrium
association constant for the RSCt and DNA interaction in
presence of nucleotide.
The value of the anisotropy measured for the free DNA at

the start of a titration was subtracted from all subsequent
anisotropy values measured for that titration. The subsequently
determined change in anisotropy was therefore a function of
only the concentrations of the PD and PDN species (see
Scheme 1).

(1)

In eq 1, f is the change in the anisotropy of the sample (from
the anisotropy measured for DNA alone) and [PD] and [PDN]
are the concentrations of the PD and PDN complexes,

respectively (see Scheme 1). [Dtotal] is the total DNA
concentration, s is the anisotropy associated with the PD
complex, and A is the ratio of the change in anisotropy
associated with the PDN complex (compared with the
anisotropy of the free DNA) to that associated with the PD
complex; i.e., a value of A = 1 would mean that PD and PDN
have the same change in anisotropy. The factor A is included to
allow for the possibility that the binding of the nucleotide
affects the structure of the protein−DNA complex; for example,
the binding of the nucleotide might alter the structure of RSCt
and thereby change its rotational diffusion rate.
Using Scheme 1, we can rewrite eq 1 in terms of the

equilibrium association constants.

(2)

In eq 2, K1, K2, and K4 are the previously described equilibrium
association constants and [P], [D], and [N] are the
concentrations of free protein, free DNA, and free nucleotide,
respectively.
Estimates of these equilibrium association constants and

species concentrations were obtained through simultaneous
global implicit analysis of the binding isotherms using the
following equations:

(3)

(4)

(5)

In eqs 3−5, [Ptotal] and [Ntotal] total protein and nucleotide
concentrations, respectively. An estimate of K3 can be obtained
using the thermodynamic constraint that ΔG° = 0 for a closed
pathway.

(6)

All data analysis was performed using Conlin, kindly provided
by Dr. Jeremy Williams.19 All reported uncertainties in this
article represent 68% confidence limits (±1 standard deviation)
and were determined by performing a 100 cycle Monte Carlo20

simulation built into Conlin.

■ RESULTS

RSC is an ATP-dependent translocase that uses energy
obtained from ATP binding and hydrolysis to move along
DNA. In order to fully understand this energy transduction
process and the associated DNA translocation mechanism, we
must determine how the affinity of RSC for the DNA changes
during the ATPase cycle. Although an estimate of the DNA
binding affinity of RSC has previously been reported,15 the
allosteric regulation of this affinity by nucleotide binding is
unknown.
DNA Binding Properties of RSCt. All of our DNA

binding experiments were conducted using a 20 bp DNA
molecule (see Materials and Methods) in which one or both
strands were labeled on the 5′ end with a fluorophore. The
binding of RSCt to this DNA molecule was monitored by
changes in the fluorescence anisotropy of the fluorophore that
occur upon RSCt binding; no significant change in the

Scheme 1
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fluorescence intensity of the fluorophore was observed upon
RSCt binding. As shown in Figure 1, the binding of RSCt to the

DNA resulted in an increase in the anisotropy of the
fluorophore, consistent with the formation of the complex. In
order to determine the model for the RSCt−DNA interaction,
we performed simultaneous global analysis of equilibrium
binding isotherms collected at different total DNA concen-
trations (see Figure 1). As discussed in Materials and Methods,
the simplest model consistent with this analysis of the data is a
1:1 binding model (see Scheme 1), and thus this model was
used for all subsequent analysis of our data. The average value
of the five independent estimates of K1 that we obtained from
our analysis of the data in Figures 1, 3, and 4 using Scheme 1
(eqs 2−6) is K1 = (7 ± 1) × 106 M−1, corresponding to an
equilibrium dissociation constant of Kd = 140 ± 20 nM. The
solid lines in Figure 1 are the corresponding fits. In a separate
set of experiments, we included a 20 bp DNA without a
fluorophore label as a competitor molecule. Through global
analysis of the binding of RSCt to the fluorophore labeled DNA
as a function of the concentration of unlabeled DNA in the
solution we were able to determine an equilibrium association
constant of K1 = (3.49 ± 0.13) × 106 M−1 for RSCt binding to
unlabeled DNA (data not shown). Thus, the presence of the
fluorophore increases the affinity of the RSCt for binding to the
DNA, consistent with what has been observed in previous
anisotropy-based measurements of DNA binding by helicases.21

Screening for an ATP Analogue. RSCt is a DNA
stimulated ATPase that uses the energy obtained from the
binding and hydrolysis of ATP to translocate along the DNA
molecule. Because of this, it is not possible to determine
equilibrium constants for DNA binding by RSCt in presence of
ATP. Thus, in order to characterize equilibrium binding in the
presence of ATP, we decided to measure equilibrium DNA
binding by RSCt in the presence of slowly hydrolyzable ATP
analogues that would bind to RSC in a manner similar to ATP.
In order to determine which ATP analogue would most
effectively mimic ATP for binding to RSCt, we screened a

series of ATP analogues for their ability to inhibit the DNA
stimulated ATPase activity of RSCt (see Materials and
Methods). The results of this screen (Figure 2) indicate that

AMP-PNP is the most effective inhibitor of the DNA-
stimulated ATPase activity of RSCt and thus effectively mimics
ATP when binding to RSCt. Interestingly, although ATP-γ-S
has been used by Lorch et al.12 in their study, we found AMP-
PNP to be more efficient inhibitor as compared to ATP-γ-S.
Although [AlF4]-ADP appears to be the most efficient inhibitor
but as we could see comparable inhibition in presence of AlCl3
also, which is a component of the complex. Thus, the inhibition
observed in the presence of AlCl3 may result from a general
ionic-based destabilization of the RSCt−DNA complex or the
RSCt−ATP binding itself, rather than direct competition with
ATP for the nucleotide binding site of RSCt. Therefore, we
chose to work with AMP-PNP as an ATP analogue. Not
surprisingly, ADP was also found to be an efficient inhibitor of
the ATPase activity.
DNA Binding in the Presence of ADP and ATP

Analogue. In order to determine the effects of nucleotide
binding by RSCt on its affinity for binding to DNA, we
conducted a series of experiments in which the RSCt−DNA
binding interaction was measured as a function of added
nucleotides. In the first set of experiments, ADP concentrations
up to 1.6 mM were included in the reaction. As shown in
Figure 3A, the affinity of RSCt for the DNA is reduced in the
presence of ADP. To further evaluate the effect of ADP binding
on the RSCt−DNA interaction, we performed a separate set of
experiments in which we monitored the dissociation of a
preformed RSCt−DNA complex resulting from the addition of
ADP. In these experiments, the complex was titrated with ADP,
and the resulting changes in the fluorescence anisotropy of the
DNA were monitored. The results of these experiments, shown
in Figure 3B, show that the addition of nucleotide resulted in a

Figure 1. Fluorescence anisotropy measurements of RSCt binding to
DNA in the absence of nucleotide. The binding experiment involved
monitoring the changes in the anisotropy of the fluorescein labeled 20
bp DNA as a function of both RSCt and DNA concentration as
described in Materials and Methods. Binding isotherms collected with
initial DNA concentrations of 50 and 100 nM were analyzed
simultaneously using eqs 2−6 to determine an estimate of 140 ± 20
nM for the Kd of the interaction. The solid lines are the associated fits
of this data to this model.

Figure 2. Effect of ATP analogues on ATPase activity of RSCt. The
ATPase rate of 50 nM RSCt, 200 nM 60 bp ds DNA, and 1 mM ATP
was measured alone, in the presence of 0.5 mM potential ATPase
inhibitors. [AlF4]-ADP was used as a mixture of equimolar
concentrations of ADP and AlCl3 with a 5-fold excess of NaF.
AMP-PNP was found to be the best mimic of ATP for binding to
RSCt. The results presented are the average values of three
experiments.
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decrease in anisotropy, which would correspond to a decrease
in the fraction of DNA bound by RSCt. Thus, consistent with
the results of our previous experiments, these results suggest
that the affinity of DNA binding by RSCt is reduced when ADP
is bound. The data in Figure 3, together with six additional
RSCt−DNA binding isotherms collected at varying concen-
trations of ADP ranging from 0.1 to 1 mM (data not shown),
were simultaneously analyzed according to Scheme 1 (eqs 2−
6) using nonlinear least-squares (NLLS) to determine estimates
of the equilibrium association constants. The results of our
initial analysis of the data, summarized in Tables 1 and 3,
returned an estimate of K1 = (10.6 ± 0.6) × 106 M−1 for the
affinity of the RSCt−DNA interaction. This estimate of K1 is
higher than, but still consistent with, the value that we obtained
in the analysis of the binding isotherms from experiments in
which the total DNA concentration was varied. This suggests
that the same 1:1 binding model is consistent with binding
isotherms collected in the presence of ADP; i.e., the presence of
the nucleotide has not altered the stoichiometry of the binding
interaction.
As shown in Table 1, the results of this global analysis also

indicate that RSCt is capable of binding ADP with reasonable

affinity, K2 = (5.0 ± 1.2) × 104 M−1, and that this affinity is
reduced by ∼5-fold when RSCt is bound to DNA, K3 = (9 ± 3)
× 103 M−1. Consequently, the affinity of RSCt for binding DNA
is reduced by approximately a factor of 5 when RSCt is already
bound to ADP, K4 = (2.01 ± 0.13) × 104 M−1. The results of
this global analysis also estimated a value of A = 1.28 ± 0.05,
suggesting that the binding of nucleotide by RSCt might
change the structure and associated rotational diffusion rate of
the complex. Specifically, this estimate of A would be consistent
with RSCt being less compact after binding ADP. It is
important to note, however, that the estimates of A and K4

obtained from an analysis of binding isotherms using eqs 2−5
are highly correlated with each other; the correlation coefficient
was determined to be −0.93. Furthermore, the correlation
coefficient between K2 and K4 was determined to be 0.22. Thus,
independent estimates of these parameters are subject to some
error owing to their mutual correlation.
In order to further explore the robustness of these parameter

estimates, we reanalyzed our data with the value of A
constrained to be unity. This analysis resulted in a fit of only
slightly poorer quality, as judged by its variance, but with
similar estimates of the equilibrium association constants (see
Tables 1 and 3); the solid lines in Figure 3 are the fits obtained
in this second analysis. Regardless of the possibility of
correlation between the estimates of A and the equilibrium
binding constants, however, the conclusion from the analysis is
the same: in the presence of ADP the affinity of RSCt for
binding to DNA is reduced.

Figure 3. Fluorescence anisotropy measurements of the equilibrium
DNA binding by RSCt in presence of ADP. (A) Representative traces
of binding isotherms collected in the presence of 0 mM ADP (circles),
0.1 mM ADP (squares), and 1 mM ADP (diamonds). In these
experiments the total initial DNA concentration was 50 nM. (B)
Representative trace of binding isotherms collected in experiments in
which preformed RSCt−DNA complexes were titrated with ADP. In
these experiments the initial RSCt and DNA concentrations are 500
and 50 nM, respectively. The solid lines in both panels are the
associated fits of all data to Scheme 1 (eqs 2−6).

Table 1. Results of Global NLLS Analysis of Nine
Independent RSCt−DNA Binding Isotherms Measured in
the Presence of Varying Concentrations of ADP in the
Range from 0.1 to 1.0 mM Using Eqs 2−6a

A B

K1 (M
−1) (10.6 ± 0.6) × 106 (9.0 ± 0.6) × 106

K2 (M
−1) (5.0 ± 1.2) × 104 (7 ± 2) × 104

K3 (M
−1) (9 ± 3) × 103 (2.2 ± 0.6) × 104

K4 (M
−1) (2.01 ± 0.13) × 106 (2.7 ± 0.1) × 106

A 1.28 ± 0.05 1.0 (fixed)
s 0.160 ± 0.013 0.177 ± 0.013
variance 8.5 × 10−6 1.2 × 10−5

aColumn A corresponds to global fits in which the variable A (see
Materials and Methods) was allowed to float, and column B
corresponds to global fits in which the variable A was fixed to unity.

Table 2. Results of Global NLLS Analysis of Nine
Independent RSCt−DNA Binding Isotherms Measured in
the Presence of Varying Concentrations of AMP-PNP in the
Range from 0.1 to 1.0 mM Using Eqs 2−6a

A B

K1 (M
−1) (10.4 ± 0.5) × 106 (13 ± 1) × 106

K2 (M
−1) (7.7 ± 0.7) × 103 (1.39 ± 0.12) × 104

K3 (M
−1) (1.09 ± 0.14) × 103 ≤(4.22 ± 0.18) × 10−1

K4 (M
−1) (1.47 ± 0.19) × 106 ≤4 × 102 (fixed)

A 0.00 ± 0.03 1.0 (fixed)
s 0.186 ± 0.015 0.173 ± 0.014
variance 8.0 × 10−6 1.75 × 10−5

aColumn A corresponds to global fits in which the variable A (see
Materials and Methods) was allowed to float, and column B
corresponds to global fits in which the variable A was fixed to unity.
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We then repeated these same experiments in the presence of
AMP-PNP rather than ADP. As shown in Figure 4A,B, the

affinity of RSCt for the DNA is also reduced in the presence of
AMP-PNP. The data in Figure 4, together with five additional
RSCt−DNA binding isotherms collected at 0.2, 0.3, 0.4, 0.6,
and 0.8 mM AMP-PNP (data not shown), were simultaneously
analyzed according to Scheme 1 (eqs 2−6) using NLLS to
determine estimates of the equilibrium association constants.
The results of our initial analysis of this data, summarized in
Tables 2 and 3, returned an estimate of K1 = (10.4 ± 0.5) × 106

M−1 for the affinity of the RSCt−DNA interaction. This
estimate of K1 is higher than, but still consistent with, the value

that we obtained in the analysis of the binding isotherms from
experiments in which the total DNA concentration was varied
and is within error of the estimated value obtained from the
analysis of the binding isotherms collected in the presence of
ADP. This suggests that the same 1:1 binding model is
consistent with binding isotherms collected in the presence of
AMP-PNP; i.e., the presence of the nucleotide has not altered
the stoichiometry of the binding interaction.
As shown in Table 2, the results of this global analysis also

indicate that the affinity of RSCt for binding AMP-PNP, K2 =
(7.7 ± 0.7) × 103 M−1, is ∼1 order of magnitude less than the
affinity for binding ADP; similarly, the affinity for DNA-bound
RSCt to bind AMP−PMP, K3 = (1.09 ± 0.14) × 103 M−1, is less
than the affinity for DNA-bound RSCt to bind ADP.
Interestingly, the results of this analysis returned an estimate
of K4 = (1.47 ± 0.19) × 106 M−1, corresponding to an ∼5-fold
reduction of the affinity for DNA binding in the presence of
AMP-PNP, and A = 0.00 ± 0.03, indicating that there is no
change in anisotropy associated with the PDN species (as
compared with the free DNA).
Since it is unlikely that the PDN species would have an

anisotropy similar to that of free DNA, the estimate of A = 0
returned from the analysis the data likely suggests that the
concentration of the PDN species in the solution was too small
to significantly affect the fitting. To further explore this
possibility, we reanalyzed the data with A constrained to unity.
The results of this analysis, however, provided no constrained
estimates of K4 or K3, consistent with the previous conclusion
that the concentration of the PDN species in the solution was
too small to significantly affect the fitting. We subsequently
performed a series of analyses of the data in which the value of
K4 was constrained to different values. As shown in Figure 5,

Table 3. Binding Affinities Calculated from the Data in Tables 1 and 2

ADP AMP-PNP ADP AMP-PNP

1/K1 (99 ± 5) nM (95 ± 3) nM
1/K2 (14 ± 4) μM (72 ± 6) μM (20 ± 5) μM (130 ± 12) μM
1/K3 (45 ± 12) μM ≥2.4 M (110 ± 40) μM (920 ± 120) μM
1/K4 (370 ± 14) nM ≥2.5 mM (500 ± 30) μM (680 ± 90) μM
A 1.0 (fixed) 1.28 ± 0.05 0.00 ± 0.03

Figure 4. Fluorescence anisotropy measurements of the equilibrium
DNA binding by RSCt in presence of AMP-PNP. (A) Representative
traces of binding isotherms collected in the presence of 0 mM AMP-
PNP (circles), 0.1 mM AMP-PNP (squares), and 1 mM AMP-PNP
(diamonds). In these experiments the total initial DNA concentration
was 50 nM. (B) Representative trace of binding isotherms collected in
experiments in which preformed RSCt−DNA complexes were titrated
with AMP-PNP. In these experiments the initial RSCt and DNA
concentrations are 500 and 50 nM, respectively. The solid lines in both
panels are the associated fits of all data to Scheme 1 (eqs 2−6).

Figure 5. Variance of the fit of nine independent binding isotherms
collected in the presence of varying concentrations of AMP-PNP as a
function of the value of K4 constrained in the analysis of the data to
Scheme 1 (eqs 2−6).
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the quality of the fit of the data, as judged by its variance,
improves as K4 is decreased but becomes invariant of the value
of K4 for K4 < 400 M−1; the solid lines in Figure 4 are the fits
obtained in an analysis with K4 constrained to be 400 M−1.
Thus, our analysis can provide only a limit on the value of K4
(and K3) for RSCt−DNA binding interactions conducted in the
presence of AMP-PNP. This is consistent with there being only
a small fraction of the RSCt−DNA−AMP-PNP complex in the
solution at equilibrium.
Taken together, all of these results indicate that RSCt

interacts with DNA tightly in the absence of nucleotide, and
there is a decrease in this affinity in presence of ADP and AMP-
PNP, with the effect of ATP analogue being at least 1000-fold
greater than that of ADP.

■ DISCUSSION
Several models have been proposed for the nucleosome
repositioning activity of RSC, and a common feature of these
models is the translocation of RSC along the nucleosomal
DNA.13 The translocation of RSC results in the formation of
loops or bulges in the DNA over the surface of the histone
octamer, the resolution of which results in the displacement of
the octamer relative to the DNA and thus the repositioning of
the nucleosome.12 Because DNA translocation is an ATP-
dependent process, it involves repeating cycles of ATP binding,
ATP hydrolysis, and product release.22 Therefore, in order to
understand how the ATPase activity and the DNA trans-
location activity are interrelated, it is necessary to understand
the role of nucleotide binding/hydrolysis in the modulation of
the DNA binding affinity of RSC.
DNA Binding Property of RSCt. The DNA-dependent

ATPase activity and associated DNA translocation activity, of
the full RSC complex and of the ATPase subunit of this
complex, Sth1, have been published,13 and estimates of the
DNA binding affinity of RSC have also been reported.23

However, a quantitative characterization of the binding affinity
of RSC with DNA is still lacking. Here we detail the results of
our studies of equilibrium DNA binding by a truncated version
of the RSC complex, consisting of the three subunits out of a
total of 15 subunits of RSC complex, and the changes in this
binding interaction which occurs when nucleotides are present
in the solution. The DNA-stimulated activity of RSCt has
previously been found to be identical to that of RSC,16 but the
higher yield of RSCt compared to RSC makes RSCt a preferred
substrate for studies of DNA binding and translocation.
Through implicit fitting of the resulting binding isotherms
using NLLS analysis we were able to determine quantitative
estimates of the equilibrium binding constants associated with
these reactions (Scheme 1).
As shown in Scheme 1, four equilibrium binding constants

are required to quantify the four different interaction modules
between RSCt, DNA, and nucleotides. From the analyses of our
data we obtain five independent estimates of the equilibrium
association constant for the RSCt binding to DNA: K1 = (7 ±
1) × 106 M−1, K1 = (10.6 ± 0.6) × 106 M−1, K1 = (9.0 ± 0.6) ×
106 M−1, K1 = (10.4 ± 0.5) × 106 M−1, and K1 = (13 ± 1) × 106

M−1. The weighted average of these estimates is K1 = (1.00 ±
0.03) × 107 M−1, corresponding to Kd = 100 ± 3 nM, which is
comparable to what has been observed for the DNA binding
affinity of other DNA translocases. Dissociation constants of
276, 220, 160, and 2−4 nM have been reported for E. coli
UvrD, E. coli Rep, Bacillus stearothermophilus PcrA, and
Hepatitis C NS3 helicases.22,24−26 Lorch et al. have estimated

an affinity of about 10−8 M−1 or 10 nM for the RSC−
nucleosome interaction from their gel mobility based experi-
ments.23 Although these values were measured using different
lengths and sequences of DNA, as well as different solution
conditions, they nevertheless provide a range for the affinity of
DNA translocases for DNA binding.
On the basis of the DNA stimulated ATPase activity, Cairns

et al.13 have reported a Michaelis−Menten constant (Km) of
1.04 ± 0.13 μM for RSC with linear 45-mer DNA with the
further observation that Km values were independent of the
nature of the substrate. And for Sth1 with linear 45-mer DNA
they have reported a Km value of 0.82 ± 0.05 μM. The
differences between the Km values reported by Cairns et al. and
the Kd value that we estimate is consistent with our observation
that the affinity of RSCt for DNA binding is decreased in the
presence of ADP and AMP-PNP. Of course, a more
quantitative comparison between Km and Kd are complicated
by the fact that Km is a kinetic variable, associated with the
steady-state translocation activity of the enzyme, whereas Kd is
an equilibrium variable. Indeed, Km is a function of many
processes like DNA binding, DNA dissociation, ATP binding,
ATP hydrolysis, etc. It is important to note, however, that the
Cairns et al studies mentioned above used the entire intact RSC
complex, whereas in a recently published study of the DNA
translocation activity of RSCt by Cairns & Zhang et al. a value
of KM of 0.03 mM for the dependence of the translocation rate
on ATP concentration was reported..16 This value is
comparable with our estimates of 1/K2 = 14 ± 4 and 72 ± 6
μM for RSCt binding to ADP and AMP−PMP, respectively.
Affinity of RSCt for DNA Is Reduced in the Presence of

Nucleotides. The effect of nucleotide binding on the DNA
binding properties of RSCt was studied by conducting DNA
binding experiments in presence of AMP-PNP and ADP.
Among the tested analogues AMP-PNP was found to be the
best inhibitor of ATPase activity and presumably mimics the
structure features of ATP in the ATP binding site of Sth1. An
overall decrease in the affinity of RSCt for DNA could be
observed in presence of both ADP and AMP-PNP (Figures 3
and 4); the effect was similar whether DNA was added into
RSCt−nucleotide complex or the nucleotide was added into a
preformed RSCt−DNA complex. However, the decrease in
affinity in the presence of AMP-PNP affinity is ∼100 times
larger than the decrease in affinity in the presence of ADP.
We also estimated the concentration of DNA bound to RSCt

at different nucleotide concentrations during the course of
these experiments using a numeric simulation with the
estimated values of the equilibrium association constants. It is
clearly visible that in presence of ADP (Figure 6A) a significant
portion of RSCt is present as the DNA bound species, whereas
in the presence of AMP-PNP (Figure 6B) most of the protein
is free from DNA at higher AMP-PNP concentrations. It can be
argued that the binding of nucleotides to RSCt results in a
conformational change, and this change in conformation has an
effect on the DNA binding properties. Furthermore, the extent
of the conformational change produced by binding of AMP-
PNP is greater as compared to one produced by ADP, and this
probably is a consequence of the difference in the binding of
these two nucleotides.
It may seem counterintuitive that RSCt has DNA-stimulated

ATPase activity, and yet the binding of ATP by RSCt stimulates
the dissociation of RSCt from DNA. There is of course no
contradiction in these results provided that the rate of ATP
hydrolysis by RSCt is faster than the rate of dissociation of the
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RSCt−ATP complex from the DNA. Indeed, although the
equilibrium population of the PDN species may be very small,
it can nevertheless be transiently populated to an extent and
duration significant enough to give rise to the observed DNA-
stimulated ATPase activity of the RSCt. In the absence of direct
experimental measurements of the rates of hydrolysis and
product release by RSCt during DNA translocation, we can
only speculate about the associated ATPase reaction cycle.
However, the fact that the reported value of KM = 30 μM for
the dependence of the DNA translocation rate of RSCt on ATP
concentration16 is closer to our estimate of 1/K2 = 14 ± 4 μM
for RSCt binding to ADP than to our estimate of 1/K2 = 72 ± 6
μM for RSCt binding to AMP−PMP would be consistent with
the ADP-bound (or ADP-Pi-bound) state being populated for a
longer period of time than the ATP-bound state during the
ATPase reaction cycle.
Comparison to Other Helicases. Chromatin remodelers

are classified to be members of the SF2 superfamily of helicases
based upon amino acid sequence homology, although they lack
helicase activity.3,27,28 A common feature of several helicases is
that their affinity for single- or double-stranded DNA is
modulated by ATP or ADP binding.26,29,30 Furthermore, the
allosteric regulation of DNA binding by nucleotide binding has
formed the basis for models of helicase-catalyzed DNA

unwinding,31,32 and this allosteric regulation appears to vary
between members of different superfamilies of helicases. For
example, the affinity of a monomer of the SF1 E. coli Rep
helicase for binding to double-stranded DNA is increased in the
presence of AMP-PNP, but decreased in the presence of
ADP;32 conversely, the affinity of Rep monomers for binding to
single-stranded DNA is decreased in the presence of AMP-PNP
but is not affected by the presence of ADP.32 However, the
affinity of the SF2 E. coli RecQ helicase for binding single-
stranded DNA is increased by AMP-PNP for a narrow range of
nucleotide concentrations, but the affinity for binding either
single-stranded or double-stranded DNA is unaffected by the
presence of ADP.30 In contrast, the affinity of the SF2 E. coli
PriA helicase for binding single-stranded DNA is affected only
in the presence of ADP.33 Thus, although the members of the
SF1 and SF2 families of helicases have similar structures,34 the
allosteric effects of nucleotide binding on their interaction with
DNA are different. On the basis of the results presented here,
we propose that the allosterism between nucleotide and DNA
binding in RSC works by a mechanism that is distinct from
those which have been previously reported for members of the
SF1 and SF2 families of helicases since we observe a decrease in
DNA binding affinity in presence of both AMP-PNP and ADP,
rather than in the presence of only one nucleotide cofactor.
Implications for DNA Translocation and Nucleosome

Repositioning. The ability of RSC to translocate along
double-stranded DNA is believed to be central to the
mechanism by which the enzyme repositions nucleosomes.12,13

Interestingly, the processivity of double-stranded DNA trans-
location by RSC,18,35 P ∼ 0.9, is less than the processivity of
single-stranded DNA translocation by either the E. coli Rep,36 P
∼ 0.998, or E. coli UvrD,37,38 P ∼ 0.997, helicases. This may be
correlated with the differences in how nucleotide binding by
these enzymes allosterically regulates their DNA binding
affinity; i.e., the specific sequence at which DNA binding
affinity varies during the ATPase cycle, as a result of the
allosteric effects of binding ATP, ADP, etc., may influence the
processivity of translocation. Specifically, the lower observed
processivity for RSC may result from the fact that its motor has
a reduced affinity for DNA binding in the presence of both
ADP and AMP-PNP, rather than in the presence of only one of
these nucleotide cofactors.
The large change in the DNA binding affinity of RSCt

between its nucleotide free, ATP-bound, and ADP-bound states
suggests a model for DNA translocation by RSCt that is similar
to the Brownian ratchet model proposed for single-stranded
nucleic acid translocation by the hepatitis C virus helicase.22,39

The initial binding of ATP by RSCt, and the associated
weakening of the interaction between RSCt and the DNA,
would allow for RSCt to move easily along the DNA. Following
the hydrolysis of ATP the subsequent RSCt−ADP complex has
higher affinity for the DNA and thus becomes fixed in place on
the DNA again. This process if finalized by the eventual release
of ADP which returns RSCt back to a state with highest DNA
affinity. The role of ATP hydrolysis in completion of
translocation has also been proposed by Lorch et al.12

The changes in the pattern of DNaseI digestion of
nucleosomal DNA following the binding of RSC to the
nucleosome are consistent with the binding of RSC diminishing
the interaction of the DNA with the histone octamer;12,40

additional experiments suggest that both ATP binding and ATP
hydrolysis by RSC affect these interactions.12 We have
proposed here that the binding of AMP-PNP, an ATP

Figure 6. Computer simulations of the DNA bound RSCt species
fractions present at different total nucleotide concentrations. A
mathematical estimation of DNA bound to the RSCt as a function
of nucleotide concentration was performed by using the Monte Carlo
simulation using the experimental data as the input; panel A is for
ADP and panel B is for AMP-PNP. It is clearly visible that in presence
of ADP a significant portion of RSCt is present as the DNA bound
species while as in presence of AMP-PNP most of the protein is
unbound at higher concentrations.
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analogue, results in a different conformation of the RSCt which
has a lower affinity for the DNA. As discussed above, this
weakened interaction between the protein and the DNA allows
the RSCt to move along the DNA more easily during this phase
of the nucleosome repositioning reaction that involves DNA
translocation.
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