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Abstract

The chromatin remodeling complex Isw2 from S. cerevisiae (ylsw2) mobilizes nucleosomes
through an ATP-dependent reaction that is coupled to the translocation of the helicase domain of
the enzyme along intranucleosomal DNA. In this study we demonstrate that ylsw?2 is capable of
translocating along single-stranded DNA in a reaction that is coupled to ATP hydrolysis. We
propose that single-stranded DNA translocation by ylsw2 occurs through a series of repeating
uniform steps with an overall macroscopic processivity of P = (0.90 + 0.02), corresponding to an
average translocation distance of (20 + 2) nucleotides before dissociation. This processivity
corresponds well to the processivity of nucleosome sliding by ylsw2 thus arguing that single-
stranded DNA translocation or tracking may be fundamental to the double-stranded DNA
translocation required for effective nucleosome mobilization. Furthermore, we find evidence that a
slow initiation process, following DNA binding, may be required to make ylsw2 competent for
DNA translocation. We also provide evidence that this slow initiation process may correspond to
the second step of a two-step DNA binding mechanism by ylsw2 and a quantitative description of
the kinetics of this DNA binding mechanism.
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Members of the ISWI family of chromatin remodeling enzymes (termed remodelers)
hydrolyze ATP to reposition nucleosomes along DNA (1-3). The ATP-hydrolyzing subunits
possessed by members of this and other families of remodelers have significant homology to
those of the helicase family of proteins (4-6). In fact, remodelers are classified as members
of the SF2 superfamily of helicases based upon amino acid sequence comparison (7),
although remodelers lack helicase activity (8). However, the ATP-dependent DNA
translocation activity within the helicase derivative domains of remodelers is similar to that
which is observed in helicases (9-18). This DNA translocation property plays a central role
in certain models for ATP-dependent chromatin remodeling by members of both the ISWI
and the SWI/SNF subfamilies of chromatin remodeling enzymes (2, 4, 14, 15, 19-21). In
one such model, the ATPase subunit of the remodeling enzyme translocates directionally
along the DNA at an internal site on the nucleosome. This ATP-dependent DNA
translocation results in the movement of the DNA around the nucleosome by drawing in
DNA from one side of the nucleosome while simultaneously pumping it out the other side.
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More specifically, the translocation results in the formation of a loop or bulge of DNA that
then propagates around the surface of the octamer (4, 14, 19, 22, 23), thus resulting in a
translation of the octamer relative to the DNA. The size of the propagated loop of DNA is
believed to be related to the kinetic step size of DNA translocation by the remodeler and
estimates of it vary between enzymes: 1 bp for S. cerevisiae RSC (19), 2 bp for S. cerevisiae
Isw2 (2, 20), and 50 bp for S. cerevisiae SWI/SNF (20).

ylsw2 comprises a heterodimer of the Itc1p (145 kDa) and Isw2p (130 kDa) proteins and is
a representative member of the ISWI subfamily of the SWI2/SNF2 superfamily of
chromatin remodeling proteins (21, 24); both Itcl and Isw2p are required for the chromatin
remodeling activity of the holocomplex (25). In addition, two small histone-fold containing
proteins, Dpb4p and DIslp, are present in at least a fraction of Isw2 complexes purified from
yeast (26). ylsw2 has been demonstrated to affect /n vivo repression of transcription of
several genes (3, 27-29) and, together with 1no80, to promote replication fork progression
(30). It has been suggested that the yISW2 accomplishes these activities by modifying the
spacing of sequential mononucleosomes along short, contiguous stretches of chromatin
through nucleosome sliding (24, 31). Interestingly, ylsw?2 is able to accomplish this sliding
of nucleosomes without disrupting the integrity of the association of the DNA and the
octamer (1, 32).

The ATPase activity of ylsw2 is stimulated in the presence of double-stranded DNA (21,
24); this is consistent with the hypothesis that ylsw2 is a double-stranded DNA translocase.
As mentioned above, double-stranded DNA translocation by ylsw2 is also required for
models of nucleosome mobilization by the enzyme (20, 21, 33). The ability of ylsw2 to slide
nucleosomes with a specific directional bias has lead to the suggestion that DNA
translocation by ylsw2 is also directionally biased (2, 20, 32, 33). Furthermore, the ability of
ylsw2 to slide nucleosomes when either single- or doublestranded DNA is present in the
extranucleosomal linker suggests that ylsw2 is both a single- and double-stranded DNA
translocase (33). Interestingly, the genetically related D. melanogaster ISWI enzyme has
been shown to be a 3’ to 5’ single-stranded DNA translocase. Taken together, this suggests
that it is the single-stranded, directionally-biased DNA translocation activity which is
fundamental to the double-stranded DNA translocation activity of ylsw2 and, by extension,
to its nucleosome mobilization activity.

In spite of this, there has not yet been a quantitative description of the single- or double-
stranded DNA translocation mechanism of yISW2. It is worth noting, however, that
although kinetic studies of the of the single-stranded DNA translocation activity of the D.
melanogaster ISWI1 enzyme have been published, an associated quantitative description of
the mechanism of translocation was not presented (15). The results presented here thus
represent the first quantitative characterization of the kinetic mechanism of single-stranded
DNA translocation by a chromatin remodeling enzyme and, furthermore, offer insight not
only into the relationship between single-stranded DNA binding and DNA translocation by
ylsw2, but also into the possible mechanistic similarities between subfamilies of chromatin
remodeling enzymes.

Materials and Methods

Buffers

Reaction buffer were prepared with reagent grade chemicals using twice distilled water that
was subsequently deionized with a Milli-Q purification system (Millipore Corp., Bedford,
MA). All ATPase and DNA binding reactions were carried out in 10 mM HEPES (pH 7.0),
5% glycerol, 20 mM potassium acetate, 5 mM MgCl,, 0.5 mM dithiothreitol, 0.1 mg/ml
BSA at 37 °C.
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ISW2 protein and DNA

yISW?2 was expressed and purified as described (20). Oligonucleotides were purchased from
Integrated DNA Technologies (Coralville, 1A) dialyzed extensively into Milli-Q water
before use. Poly(dT) was purchased from Midland Reagent company (Midland, TX) and
dialyzed extensively into Milli-Q water before use.

Radioactive ATPase Experiments

ATPase activity was determined by measuring the rate of conversion of ATP to ADP using
[a-32P]ATP. All reactions were conducted at 37 °C. 140 nM ISW2 and 100 pM (nucleotide)
single-stranded DNA were incubated together on ice for 5 minutes prior to the initiation of
the translocation reaction. DNA translocation was initiated through the addition of ATP to
the solution containing the preformed complexes of yISW2 and DNA; the final
concentration of ATP was 1 mM and the final reaction volume was 30 pL. 4 pL aliquots of
the resulting solution were removed every 6 minutes and quenched by adding an equal
volume of 0.5 M EDTA. The extent of product formation at each time point was monitoring
by spotting 2 uL samples onto polyethyleneimine(PEI)-cellulose TLC plates (Merck KGaA,
Darmstadt, Germany) which were developed using 0.6 M KPO,4 (pH 3.4) and quantitatively
analyzed using a BioRad Molecular Imager FX (BioRad, Hercules, CA). Spots
corresponding to the radiolabeled ATP and ADP were quantified using the Quantity One
software supplied by the manufacturer.

Stopped-Flow Experiments

Measurements of the production of P; in the stopped-flow spectrometer were performed
using the EnzChek® phosphate assay kit (Invitrogen, Carlsbad, CA); this assay was first
described by Webb (42). In the presence of P;, the substrate 2-amino-6-mercapto-7-
methylpurine riboside (MESG) is converted enzymatically by purine nucleoside
phosphorylase (PNP) to ribose 1-phosphate and 2-amino-6-mercapto-7-methylpurine. The
enzymatic conversion of MESG results in a spectrophotometric shift in maximum
absorbance from 330 nm for the substrate to 360 nm for the product which is monitored in
the stopped-flow spectrometer. The k4 for the reaction is 40 s™1, which is sufficiently fast
to monitor the kinetics of ATPase by the translocating yISW2 complex. For the experiments
shown in Figure 4 the concentration of yISW2 was 25 nM and the concentration of the
poly(dT) was 100 uM (nucleotide).

Measurements of the kinetics of yISW2 binding to fluorescein or Cy3 labeled oligo(dT)
were performed in the stopped-flow spectrometer by monitoring the change in the
fluorescence of these fluorophores. Fluorescein was excited at 492 nm and its fluorescence
emission was monitored at wavelengths >520 nM using a long-pass filter. Cy3 was excited
at 515 nm and its fluorescence emission monitored at wavelengths >570 nm.

Measurements of the kinetics of yISW2 binding to dT,q we performed in the stopped-flow
spectrometer by monitoring the change in the intrinsic tryptophan fluorescence of yISW2
that occurs upon DNA binding. In these experiments the tryptophan fluorescence was
excited at 280 nm and emission monitored at wavelengths greater than 305 nm using a WG
305 Schott glass filter. BSA was omitted from these reactions since its tryptophan
fluorescence created too large a background signal. The final reaction concentration of
yISW2 was 10 nM.

Analysis of Kinetic Data

The ATPase rate for each length of single-stranded DNA was determined from LLS analysis
of the corresponding ATPase time courses. Four independent measurements of V4, were
made for each DNA length.
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All LLS and NLLS analyses using Equations (2), (5) and (6) were performed using Conlin,
kindly provided by Dr. Jeremy Williams. Fitting models and Monte Carlo simulation
programs were written in the C++ computer language and compiled with the Microsoft C++
6.0 compiler. The software library CNL50 (Visual Numerics Incorporated, Houston, TX)
was used for the numerical calculation of the inverse Laplace transform in Equation (5). The
uncertainties in all fitted parameters reported in this manuscript represent 68% confidence
limits (1 standard deviation) and were determined by performing a 1000 cycle Monte Carlo
simulation using the routine built into Conlin.

yISW2 is an ATP-dependent single-stranded DNA translocase

We studied the kinetics of ylsw2 translocation along single-stranded DNA by analyzing the
stimulation of ylsw2’s ATPase activity in the presence of single-stranded DNA of varying
lengths. ATPase experiments were performed as described in Materials and Methods under
solution conditions identical to those previously used to study the DNA- and nucleosome-
stimulate ATPase activity of ylsw2 (21). In order to minimize complications arising from
secondary structure in the DNA we performed our experiments using
oligodeoxythmidylates. To ensure that our experiments were performed at DNA
concentrations sufficient to elicit maximum steady-state ATPase stimulation, we first
determined the Ky, for the single-stranded DNA stimulated ATPase activity of ylsw2. We
estimate Ky = (5 + 2) uM (mononucleotide concentration), independent of the length of the
DNA (data not shown).

We subsequently measured the stimulation of ylsw2’s ATPase activity in the presence of
DNA of varying lengths, but at constant mononucleotide concentration (14, 18) of 100 uM
(20 fold larger than Kyy). As shown in Figure 1 and Figure 2, we observe that the steady
state ATPase rate of ylsw2 increases with increasing DNA length. These results are
consistent with the previously published hypothesis that ylsw?2 is a singlestranded DNA
translocase (33). Furthermore, since these experiments were conducted under conditions of
excess DNA concentration the binding of single complexes of ylsw2 to the DNA is favored.
This is further supported by equilibrium studies of DNA binding by yISW2 experiments
which demonstrated that the occluded site size of yISW2 binding to DNA is larger than 100
bp (Fitzgerald et al., unpublished). Therefore, taken together the results suggest that
monomeric ylsw2 is functional as a single-stranded DNA translocase.

Kinetic Models for Single-stranded DNA Translocation

The dependence of the V/;, of the single-stranded DNA stimulated ATPase activity of
yISW2 on DNA length shown in Figure 2 is consistent with yISW2 acting as a single-
stranded DNA translocase. The simplest model for single-stranded DNA translocation by
ylsw2 which is consistent with the data in Figures 1 and 2 is shown in Scheme 1. In this
model, we assume that the ylsw2 complex binds randomly to one of its possible binding
sites on the single-stranded DNA. Upon binding, the yISW2 complex is 7translocation steps
away from the end of the DNA (the T; state in Scheme 1). Upon subsequent repeating cycles
of ATP binding, ATP hydrolysis and release of ADP and inorganic phosphate, the ylsw?2
complex translocates along the single-stranded DNA with directional bias (33) and finite

k
processivity, szﬁtkt. This translocation occurs in discrete steps, of /7 nucleotides per step,
with an associated translocation rate constant k;and ¢ molecules of ATP hydrolyzed per
step; the constant cis thus the thermodynamic coupling efficiency for the process associated
with the &;rate constant and /m is the kinetic step size (34, 35). The rate constant for
dissociation during translocation is k; The maximum number of translocation steps, n, for a
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given length of DNA, L, is related to the Kinetic step size of translocation, /m, through the

L-m

approximate relation 7= , Where d'is the interaction site size of the protein (18, 34).
Upon reaching the end of the DNA (the T state in Scheme 1), the ylsw2 complex can no
longer translocate and so dissociates with rate constant k; We further assume that since our
experiments are performed under conditions of excess DNA concentration there will be only
one ylsw2 complex bound per DNA and thus we have ignored any potential protein-protein
interactions.

All dissociated protein (and protein that was initially free in solution at the start of the
reaction) will bind the DNA randomly at any of available binding sites. The second order
rate constant for ylsw2 binding single-stranded DNA (and forming the complex T;) is ;. It
is worth noting that we assume the binding affinity is the same for all binding sites and thus
we ignore electrostatic effects associated with the ends of the DNA. Furthermore, in our
experiments the concentration of DNA is much larger than the concentration of protein so
we can treat the binding of ylsw2 to DNA as a pseudo-first order process with associated
rate constant k;*[D], where [D] is the nt concentration of DNA in solution.

It is also important to note that we have neglected any contributions from the potential futile
hydrolysis of ATP by ylsw2 bound at the ends of the DNA. Such futile hydrolysis has been
observed for helicase translocation along single-stranded DNA (35), but we cannot
determine if ylsw2 is exhibiting similar behavior based upon our data. It is worth noting,
however, that the contribution of this futile hydrolysis (if occurring) would decrease with
increasing DNA length (18) making its contribution to the dependence of the total observed
steady-state ATPase rate on DNA length negligible.

The differential equations describing the concentration of protein bound at each position (T;
and free protein) in Scheme 1 can be solved to obtain time-dependent equations for these
protein concentrations that are functions of the maximum number of translocation steps, 7,
associated with a given DNA length; this is equivalent to finding expressions for these
populations as a function of the length of the DNA and the kinetic step size of translocation
(11, 18, 34). In this derivation we assume an initial equilibrium between the bound and free
complexes of yISW2, as determined by k3, [D], and kg exists before the addition of ATP in
order to match our experimental conditions (see Materials and Methods). These expressions
can then be combined to form a time-dependent expression (Equation (1)) for the
concentration of ATP hydrolyzed (or the concentration of ADP or Pi produced) during the
translocation of ylsw2 along single-stranded DNA.

app(ry=L" { F1D] I P I @)
ky+k;[ D] \ (n+1)s? kg+s \\ k;+kg+s

Simulated time courses based upon this model are shown in Figure 3. As seen in Figure 3,
these time courses consist of an initial rapid exponential increase in the ADP produced (ATP
hydrolyzed) by the translocating proteins, associated with their pre-steady state translocation
on the single-stranded DNA, followed by a linear phase corresponding to their steady-state
translocation activity. The rate of the steady-state ATP hydrolysis by these translocating
enzymes obeys Michaelis-Menten kinetics with V., and Ky, shown in Equations (2) and
(3), respectively.

ck;(n(P - 1) — P(P" - 1))
Vinax= )
n+1)(P-1)
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k
K= @
The variable Pin Equation (2) is the previously defined processivity of translocation. It is
interesting to note that this model (and corresponding Equation (3)) predicts that Ky, is
independent of the maximum number of steps (), or equivalently independent of the length
of the DNA. This is consistent with measurements of Ky, of ylsw2 translocating along
single-stranded DNA.

In order to obtain a better estimate of the kinetic parameters from our NLLS analysis of the
data in Figure 2 we also measured the ATPase time course for the translocation of ylsw2
along poly(dT). Poly(dT) can effectively mimic infinitely long DNA and thus the value of
V/nax determined for the translocation of ylsw2 along poly(dT) can serve as a constraint in
the analysis of the data in Figure 2 using Equation (2) (18). Specifically, in the limit of
infinitely long DNA, Equation (2) simplifies to Equation (4).

Viax,co=Ck:  (4)

We determined Viyax oo = (61 = 4) [ADP]/[yISW2]/min from the analysis of the ATPase
time courses obtained in the presence of poly(dT). We then determined estimates of Pand ¢
through NLLS analysis of the dependence of V;;,,,0n DNA length (Figure 2) using
Equation (2) with our estimate of Vinax . as a fixed constraint. In this analysis we further
assumed that /m = 2 nt since an estimate of 2 nt for the kinetic step size of double-stranded
DNA translocation by ylsw2 was recently reported (20). The parameter estimates obtained
from this analysis are presented in Table 1 and the solid line overlaying the data in Figure 2
is a simulation using Equation (2) and these parameter estimates.

As described above and shown in Figure 3, the ATPase time courses associated with
Scheme 1 contain an initial exponential phase of activity associated with the pre-steady state
translocation of the proteins along the DNA. It is worth noting that within the resolution of
our measurements we could not detect this phase; rather, we determine a zero intercept,
within error, on the ordinate of the time courses shown in Figure 1. A simple explanation for
this discrepancy would be that the rate of dissociation from the end of the DNA (from the
To) state is much faster than k;and not equal to k4 Such a kinetic mechanism would be
consistent with the lack of any observed pre-steady state translocation (and corresponding
ATPase) activity of the yISW2 complex, however this mechanism would also suggest that
there would be no dependence of V/;,, upon DNA length. Since we do see a dependence of
Vnax 0N DNA length we can reject this hypothesis.

In order to improve the time resolution of our measurements of the ATPase activity of
translocating yISW2 and thus also specifically improve the resolution of the pre-steady state
kinetics of translocation, we next performed single-stranded DNA translocation experiments
using a stopped-flow technique which monitors the production of P; produced by yISW2
during translocation. P; in solution was measured spectrophotometrically using the
commercially available EnzChek® phosphate assay (see Materials and Methods).

Since the rate of the single-stranded DNA stimulated steady-state ATPase activity of yISW2
is small we measured the kinetics of P; release in the presence of a saturating concentration
of poly(dT) to maximize the observed fluorescence signal; representative time courses from
these experiments are shown in Figure 4. Linear analysis of the data in Figure determined a
hydrolysis rate of (63 + 2) [P;]/[yISW2]/min, consistent with the estimate of (61 + 4) [ADP]/
[yISW2]/min determined from our radioactivity-based assay, and an intercept on the
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ordinate of (-2 £ 1) [P;]/[yISW2]. As shown in Figure 3, the time course of P; release should
be linear with a zero intercept on the ordinate if Scheme 1 is correct.

Alternative Model for DNA Translocation

The deviation from a zero intercept for the time course of P; release by yISW2 translocating
along poly(dT) is inconsistent with the kinetic model outlined in Scheme 1. Although the
deviation is small, we nevertheless consider it important to consider alternative models for
single-stranded DNA translocation by yISW2. For example, it is worth noting that a
previous study of the double-stranded DNA translocation by RSC (18) also detected no
initial exponential phase of ATPase activity that could be associated with pre-steady state
kinetics. On the basis of this observation a kinetic model for double-stranded DNA
translocation was proposed that included a slow process, following DNA binding by the
RSC, which was required to make RSC competent for double-stranded DNA translocation.
In this model, shown in Scheme 2, the protein is /translocation steps away from the end of
the DNA upon binding the DNA, but is unable to initiate translocation (it is in the NPi state
in Scheme 2). The rate constant for dissociation from the NPi state is k»>and may be
different from &, Upon the addition of ATP, the protein undergoes a slow process,
described by the rate constant &, before becoming competent for DNA translocation (the
Ti state in Scheme 2). The thermodynamic coupling efficiency for the &, rate constant is
given by ¢y,

The differential equations describing the concentration of protein bound at each position
(NPi, T;, and free protein) in Scheme 2 can be solved to obtain time-dependent equations for
these protein concentrations that are functions of the maximum number of translocation
steps (1) associated with a given DNA length. As before, these expressions can then be
combined to form a time-dependent expression (Equation (5)) for the concentration of ATP
hydrolyzed (or ADP or P; produced) during yISW2 translocation along single-stranded
DNA.

-1 (k7 [ D]+k2+8)knpki[ D] ck; k; kY
ADP(t)=L = |+ -1 ©)
(k1 [ DI+k2) (kg +5)(ko+knp+5)+k; [ D] (kn,,+kd+s)) (n+1)s kg+s \\ kitkg+s

Simulated time courses based upon this model are shown in Figure 3. As seen in Figure 3,
these time courses consist of an initial slow exponential increase in the ADP produced (ATP
hydrolyzed) by the translocating proteins, associated with their pre-steady state translocation
along the single-stranded DNA, followed by a linear phase corresponding to their steady-
state translocation activity. It is worth noting that the presence of this slow initial phase is
consistent with the linear analysis of time course for P/ release shown in Figure 4.
Specifically, the presence of this slow phase would result in an estimate of a negative
intercept on the ordinate from a linear analysis of the time course.

The rate of steady-state ATP hydrolysis by these translocating enzymes obeys Michaelis-
Menten Kinetics with V5, and Kj,shown in Equations (6) and (7), respectively.

v _( Knp )(ckt(n(P—l)—P(P"—l))

ey +hd (P — 1) ©)
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_ (knp+k2)kd
v (kn11+kd)kl @
As expected, Equations (6) and (7) are equal to Equations (2) and (3), respectively, in the
limit of large Ay, If ATP hydrolysis is associated with the &, step then an additional term
(Equation (8)) must be included in our expression for ADP produced by the translocating
protein.

ADP(I)ZL_] { Cnpknp(k] [D] +S)(kd+s) } ®

(k2 +kyp+5)(kg+s)+k; [D] (kppt+kats)

This expression is dominated by a linear term which obeys Michaelis-Menten kinetics with a
value of K, identical to that shown in Equation (7) and a value of V., given in Equation

©)

_Cnp knpka
max knp-l-kd

©

Therefore, we can write the expression for the total ADP produced during translocation in
Equation (10)

(. (P =1)- P(P" - 1)) Fnp
VmaX‘(Ckf( (n+ (P - 1) )+c"p kd)(knﬁkd) =

The parameter estimates obtained from analysis of the data in Figure 2 using Equation (10)
are presented in Table 2. In this analysis it is not possible to simultaneous determine
estimates of ¢, and d'since these variables are strongly correlated in Equation (10) (18).
Thus we first analyzed the data in Figure 2 assuming that ¢, = 0 and then reanalyzed the
data using &= 10 nt since this corresponded to the smallest length of single-stranded DNA
that stimulated the ATPase activity of yISW2. It is important to note that since equations (2)
and (10) predict an identical dependence of V4, 0n nanalysis of the dependence of V4
on DNA length in Figure 2 using either model yields an identical estimate of £=(0.90 +
0.02) and describe the data equally well.

Kinetics of single-stranded DNA binding by ylsw2

It is worth noting that the estimate of ¢, obtained in the analysis of the data in Figure 2
using Equation (10) is, within error, equal to zero (Table 2). This suggests that the &, step
in Scheme 2 may not be associated with significant hydrolysis of ATP. Since this step
follows single-stranded DNA binding in Scheme 2 we decided to investigate whether it
might correspond to the second step of a two step single-stranded DNA binding mechanism
by ylsw2.

In our single-stranded DNA binding experiments we monitored the binding of ylsw2 to
excess concentrations of dTg (Figure 5). In the absence of DNA the observed fluorescence
time course decayed monoexponentially. The rate of this signal change was independent of
the fluorescence excitation wavelength or the bandwidth of the excitation monochromator,
suggesting that it was not associated with photobleaching of the tryptophan residues, but
rather may result from the non-specific binding of yISW?2 to the walls of the spectrometer
flow-cell. This slow signal change was also observed in the presence of the DNA and the
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magnitude of the rate constant associated with this signalchange was independent of the
concentration of the DNA (data not shown); this suggests that this process is not associated
with the binding of yISW2 to the single-stranded DNA. In the presence of DNA, however,
two additional exponential phases are observed. The first observed rate constant had a linear
dependence on DNA concentration, whereas the second observed rate constant had a
hyperbolic dependence on DNA concentration (data not shown).

The minimal mechanism associated with these time courses and the associated dependence
of these three observed rate constants on DNA concentration is shown in Scheme 3. The
equation that describes the time dependence of the intrinsic tryptophan fluorescence
associated with the binding mechanism shown in Scheme 3 is given in Equation (11).

f=L""

k3 k] [D](Bk2+A(S+k_2+k3)) )
(11)

S+k3 (C? * k_1 (S+k_2+k3)+k1 [D](S+k2+k_2 +k3)+(S+k3)(S+k2+k_2+k3)

In this equation, the parameter A is the fluorescence signal change associated with the first
step of the binding, the parameter B is the fluorescence signal change associated with the
second step of the binding, the parameter Cis the fluorescence signal change associated with
the non-specific binding of the protein to the walls of the flow cell, and the rate constants 47,
k_y1, ko, k_oand k3zare as shown in Scheme 3. Since the slowest signal change occurs at a
rate that is independent of the DNA concentration we have assumed that an identical process
affects all three protein species in Scheme 3. The parameter estimates obtained from the
NLLS analysis of the time courses in Figure 5 using Equation (11) are shown in Table 3.

Model of DNA Translocation Combined With DNA Binding

It is interesting to note that the equilibrium constant for the second step in the binding
mechanism is highly unfavorable (ko/k_, = 0.08 + 0.01). This is consistent with the
requirement that the slow conformation change in Scheme 2 is actually the second, and
unfavorable, step of the two step binding mechanism for ylsw?2 to single-stranded DNA (see
also (18)). Naturally the rate constants for single-stranded DNA binding (k;, k- 1, k»and
k_p) will be affected by the presence of nucleotide, but the presence of this second step in
the single-stranded DNA binding mechanism by yISW2 should nevertheless be incorporated
into our kinetic model for single-stranded DNA translocation by yISW2.

A revised kinetic model for single-stranded DNA translocation by ylsw2 is shown in
Scheme 4. In this scheme, the initial conformational change required to make ylsw2
competent for DNA translocation (the &, step in Scheme 2) has been replaced by a second
reversible process associated with single-stranded DNA binding by ylsw2. As before for
Scheme 2, the differential equations describing the concentration of protein bound at each
position (NPj, T;, and free protein) in Scheme 4 can be solved and subsequently combined to
form a time-dependent expression for the concentration of ATP hydrolyzed (or ADP or P;
produced) during the translocation of ylsw2 along singlestranded DNA. This equation is too
cumbersome to reproduce here, however it does predict a linear term associated with the
steady-state single-stranded DNA translocation activity of the enzyme. The magnitude of the
rate constant associated with this steady-state ATPase activity follows Michaelis-Menten
kinetics with V). and Ky, as defined in Equations (12) and (13), respectively.

ka(kg+k:) )(ck,(n(P -1)-P/P"-1))

Vinax= (k3(kd+k[)+kd(k4+kd+kf) (n+1)(P - 1) (2
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:kd(kB(kd+kt)+k2(k4+kd+kr)) 13)
M ki (ks (kg+ke)+kg(ka+kg+ke))

Not surprisingly Equation (2), (6) and (12) display an identical dependence of Pon 7.
Therefore, analysis of data in Figure 2 using Equation (12) also yields an estimate of P=
(0.90 £ 0.02) and is equally as good at describing the data as the results of the analysis of the
data using Equations (2) or (6).

Discussion

The chromatin remodeling activity of ylsw2 is manifest in the ability of the enzyme to
directionally slide nucleosomes along DNA without disrupting the integrity of the
nucleosome itself (1, 2, 31, 32). The current model for nucleosome mobilization by yISW2
involves the directionally biased translocation of the DNA on the surface of the nucleosome
by yISW2 in an ATP-dependent reaction (15, 20, 31, 33). In this paper we provide the first
quantitative characterization of mechanisms of both single-stranded DNA translocation and
the single-stranded DNA binding by yISW2 and show how these two activities may be
interrelated. Our direct observation of the single-stranded DNA translocation activity of
yISW?2 confirms previous indirect measurements (33) and offers a mechanism by which
both double-stranded DNA translocation and nucleosome sliding can be directionally biased.

yISW2 translocase activity for single-stranded DNA

The dependence on single-stranded DNA length of the single-stranded DNA stimulated
ATPase activity of ylsw2 is consistent with ylsw2 being a single-stranded DNA translocase
(Figure 2). Furthermore, this single-stranded DNA translocation activity may form the basis
for double-stranded DNA translocation and nucleosome sliding by ylsw2 (2, 20, 33) and,
perhaps, other remodelers as well (14, 18, 19).

Our estimate of the processivity of single-stranded DNA translocation by ylsw2,P = (0.90 +

0.02), is consistent with enzyme moving approximately %=(20 +2) nt on average before
dissociation. This processivity is quite low compared to what is observed for helicase
translocation along single-stranded DNA (11, 13, 35, 36), but similar to the processivity of
double-stranded DNA translocation by RSC chromatin remodeling complex from S.
cerevisiae (18) and similar to the processivities of single- and double-stranded DNA
translocation by D. melanogaster ISWI (15).

It is worth noting that D. melanogaster ISWI is proposed to translocate along single-stranded
DNA with a 3’ to 5’ directional bias, whereas either a 5’ to 3’ directional bias, based upon
modifications to the extranucelosomal linker DNA (33), or no directional bias, based upon
modifications to the internucleosomal DNA (20), has been proposed for ylsw2. As
mentioned previously, the ability of yISW?2 to slide nucleosomes with directional bias
implies that the enzyme also possess directionally-biased DNA translocation activity. Thus,
it’s possible that the interaction of one domain of ylsw2 with the extranucleosomal DNA
dictate the directional bias to nucleosome sliding and the translocating motor domain moves
either 3’ to 5’ or 5’ to 3’, accordingly, along a singlestrand of the internucleosomal DNA in
order to accomplish the directionally-biased sliding. In light of this, an important future
experiment would be to directly test the directional bias of both single- and double-stranded
DNA translocation by ylsw2 using a spectrophotometric assay (11, 34). Since either
directional bias (3’ to 5’ or 5’ to 3’) of the single-stranded DNA translocation by ylsw2
would consistent with the assumptions of our model, the resolution of this issue is not
necessary to support the conclusions we draw here.
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Translocation initiation is likely coupled to DNA binding

The linear analysis of the ATPase time course shown in Figure 4 suggests that a slow
initiation step might be present, following single-stranded DNA binding by yISW2, to make
the enzyme competent for single-stranded DNA translocation. We propose that the slow
initiation process may actually be the second step of a two-step mechanism for single-
stranded DNA binding by ylsw2. Although ylswz2 is able to bind single-stranded DNA with
reasonable affinity (Table 3), only a small fraction of the total population of bound protein
has completed the second process in the binding reaction and thus is competent for DNA
translocation. This hypothesis is consistent with previously published results which also
demonstrated that although ylsw?2 could bind DNA efficiently (25), it’s ATPase activity was
not strongly stimulated by DNA binding (21).

Similarities to other motors

The kinetic mechanism for single-stranded DNA translocation proposed here for ylsw2 is
similar to the mechanism recently proposed for the mechanism of doublestranded DNA
translocation by the S. cerevisiae RSC chromatin remodeling complex (18). In both cases a
slow initiation step is required after DNA binding to make the enzyme competent for DNA
translocation. In addition, slow initiation steps have also been proposed for mechanisms of
single-stranded DNA translocation by the B. stearothermophilus PcrA helicase (37, 38) and
the T7 DNA helicase (36). The initiation steps for the PcrA and T7 DNA helicases were
proposed to be ATP-dependent conformational changes (36-38), whereas no conclusion
regarding the ATP dependence of the initiation step for RSC was proposed (18). However, it
is worth noting that quantitative descriptions of the kinetic mechanisms for single-stranded
DNA binding by these helicases have yet to be determined. Thus, it is not possible to further
resolve the dependence of single-stranded DNA translocation by these enzymes on their
single-stranded DNA binding characteristics.

In contrast, the kinetic mechanism of single-stranded DNA binding by monomers of the £.
coli Rep helicase has been determined (39). £. coli Rep is a member of the SF1 superfamily
of helicases and is a known single-stranded DNA translocase (9). Interestingly, the second
step in the two-step mechanism for single-stranded DNA binding by Rep is associated with
a favorable equilibrium constant (39) and the kinetic mechanism for single-stranded DNA
translocation by Rep does not include or require the presence of a slow initiation process to
make the monomer competent for single-stranded DNA translocation (9). This correlation
between the differences in both the mechanisms of single-stranded DNA binding and
translocation for £ coli Rep and ylsw2 may further support our hypothesis that these two
processes are linked; /e, that the slow initiation process required to make ylsw2 competent
for single-stranded DNA translocation is actually the second step of a two-step mechanism
for single-stranded DNA binding by ylsw2. Similarly, the lower affinity of single-stranded
DNA binding by yISW2 when compared to that of Rep likely correlates with the lower
processivity of single-stranded DNA translocation by yISW2 when compared to Rep.

Implications for nucleosome mobilization

ylswz2 is able to slide nucleosomes without disrupting the integrity of the nucleosome (1, 2,
32). This suggests that the loops (or bulges) of DNA formed on the surface of the
nucleosome as a result of the translocation of ylsw?2 are likely small in size (2). The low
processivity of single-stranded DNA translocation by ylsw?2 reported here is consistent with
the ability of ylsw2 to form small loops of DNA during its translocation (18). Although our
studies here can provide no direct measurement of the average loop size or kinetic step size
of translocation, we can safely assume that both are well below the processivity limit of the
enzyme (20 nt); as mentioned above, a kinetic step size of 2 nt has been proposed for
single-stranded DNA translocation by ylsw2 based upon the enzyme’s nucleosome sliding
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ability (20). As with the question of directional bias to single-stranded DNA translocation by
ylsw2, the determination of the kinetic step size could likely be determined in future work
using a spectrophotometric assay for single-stranded DNA translocation (11, 34).

Perhaps more interesting is the similarity between our estimate of the processivity of single-
stranded DNA translocation and reported step-sizes of nucleosome sliding by ylsw2 (20).
The reported step size of 9-11 bp for nucleosome sliding (20) is smaller than our estimate of
yISW?2 translocating (20 £ 2) nt on average before dissociation. One could therefore propose
that the processivity of single-stranded DNA translocation may be ultimately limiting for the
double-stranded DNA translocation and associated nucleosome sliding activity of the
enzyme. Of course the processivity of translocation for double-stranded DNA translocation
may well be different from the processivity of single-stranded DNA translocation and could
also be affected by the presence of and binding to the nucleosome. Nevertheless, this model
is also consistent with recent /n vivo studies of the chromatin remodeling activity of ylsw?2
suggest that the enzyme is bound to the chromatin only transiently during the specific period
of nucleosome mobilization (1, 40 ). Furthermore, these studies also suggest that chromatin
remodeling by ylsw2 involves the directional sliding of a few nucleosomes and, contrary to
what is observed /in vitro (32, 41), does not result in regularly spaced arrays of nucleosomes
on the chromatin. Although in vitro studies of mononucleosome sliding by ylsw2 confirm
that sliding is directionally biased from the ends of the DNA toward its center (31, 40), the
differences between the results obtained /n vitro and in vivo suggest that other cellular
factors play a role in regulating the nucleosome mobilization activity of ylsw2, and also
determining its directionality. Naturally, it would be interesting to determine what these
factors are and how they also affect the single- and double-stranded DNA translocation
activity of ylsw2.
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Figure 1.

25

Time courses of ATP hydrolysis for ylsw2 in the presence of a saturating concentration of
single-stranded DNA of varying length. In these experiments yISW2 and single-stranded
DNA were incubated together before the addition of ATP. The lengths of the DNA are 16

nt, 40 nt, 60 nt, and 100 nt. A control experiment in which no DNA is included in the

reaction is also shown.
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Figure 2.

The dependence of V4, upon single-stranded DNA length. Each data point is the average
of 4 separate measurements of V., and the error bars represent the standard deviation of
those measurements. The solid line is a NLLS fit of the data to Equation (2) (Scheme 1).
The NLLS fits using Equations (10) and (12) are identical. The parameter estimates
associated with these fits are in Tables 1 and 2.

Biochemistry. Author manuscript; available in PMC 2013 September 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fischer et al.

Page 17

o 20

[72)

S

o © nt

§ 15

= 10 nt

S

[}

o 10

T

o

(3]

=

8 5

S

o

o

o 3nt

< 0

0 0.2 04 0.6 0.8 1

Time (s)

o 0.05

(72)

©

3

- 0.04 *© nt

c

o

-

. 0.03

o 10 nt

©

8 0.02

=]

©

2 0.01

o - 3nt

o

[a)

< 0

0 0.2 04 0.6 0.8 1

Time (s)

Figure 3.

Simulated ATPase time courses for protein translocating along single-stranded DNA of
varying lengths (3 nt, 10 nt and c nt) under the conditions of a saturating concentration of
DNA. In these simulations k= 30 steps/s, ky= 2 s™1, m= 1 nt/step, and c= 1 ATP/step. (A)
Signulations according to Scheme 1. (B) Simulations according to Scheme 2 with &, = 0.01
s
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Time courses of P; production during single-stranded DNA translocation along poly(dT)

monitored using the EnzChek® phosphate assay as described in Materials and Methods. A
linear analysis of the time course resulted in an estimate of V= (63 £ 2) [P;l/[yISW2]/
min, consistent with the estimate of (61 + 4) [P;]/[yISW2]/min determined from our
radioactivity-based assay, and an intercept on the ordinate of (-1 + 0.5) [P;]/[yISW2]. This
negative intercept on the ordinate is consistent with the kinetic model depicted in Scheme 4.

A control experiment in which no DNA was included with the reaction is also shown. A

linear analysis of this time course resulted in an estimate of V)5, = (2 £ 1) [Pi)/[yISW2]/
min, consistent with the results from our radioactivity-based assay, and an intercept on the
ordinate of (0.0 £ 0.1).
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Figureb.

Kinetics of yISW2 binding to an excess concentration of dT70, monitored by the quenching
of the intrinsic tryptophan fluorescence of ylsw2. The time courses were observed in the
stopped-flow upon mixing 10 nM ylsw2 (final concentration) with 0, 50, 250, and 500 nM
dT70. The solid lines overlaying each time course are NLLS squares fits obtained from
global NLLS analysis of the time courses using Equation (11).
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Estimates of kinetic parameters for ylsw2 translocation along single-stranded DNA according to Scheme 1

(Equation (2)).

Table 1

P (0.90 +0.02)
ck; (61 + 4) [ADP)/[yISW2]/min
(fixed)
d (9.85 +0.09) nt
m (20 2) nt
1-P
Variance of fit 0.65
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Fischer et al.

Estimates of kinetic parameters for ylsw2 translocation along single-stranded DNA according to Scheme 2

(Equation (10)).

Table 2

P (0.90 £ 0.02) (0.90 £ 0.02)
(61 + 4) [ADP]/[yISW2]/min (fixed)
C*k % k”P
" \kgtk,
k 0 [ADP]/[yISW2]/min (fixed) | (0.2 +0.2) [ADP]/[ylISW2]/min
*k % np
Crp Kd (kd+knp )
d (9.85 £ 0.09) nt 10 nt (fixed)
m (20 £ 2) nt (20£2) nt
1-P
Variance of fit 0.65 0.65
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Fischer et al.

Estimates of the kinetic parameters for single-stranded DNA binding by ylsw2 according to Scheme 3

Table 3

(Equation (11).

ke (MLsh) | (2.8+05)x 108
ko (57 1.40 £ 0.02
Ky (579 0.013 +0.002
Ko, (57 0.157 +0.001
ks(sh) | 0.009%0.002s1
kalky (M) | (4.9+02)x 1077
Kok, 0.08 +0.01
BA 6.0+08

Biochemistry. Author manuscript; available in PMC 2013 September 13.



