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Chromatin remodelers are molecular motors that play essential roles in the regulation of nucleo-
some positioning and chromatin accessibility. These machines couple the energy obtained from the
binding and hydrolysis of ATP to the mechanical work of manipulating chromatin structure through
processes that are not completely understood. Here we present a quantitative analysis of nucleosome
repositioning by the chromatin remodeler ISWI and demonstrate that nucleosome stability signifi-
cantly impacts the observed activity. We show how DNA damage induced changes in the affinity of
DNA wrapping within the nucleosome can affect ISWI repositioning activity and demonstrate how
assay-dependent limitations can bias studies of nucleosome repositioning. Together, these results
also suggest that some of the diversity seen in chromatin remodeler activity can be attributed to
the variations in the thermodynamics of interactions between the remodeler, the histones, and the
DNA, rather than reflect inherent properties of the remodeler itself.
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I. INTRODUCTION

The first step in the compaction of the eukaryotic genome into chromatin involves the wrapping (i.e.,bending) of
the DNA around histone octamers to form nucleosomes |1H4]. Within each nucleosome, the wrapped DNA contacts
the histone octamer at 14 different sites, spaced approximately 10 basepairs apart, each of which contains several
different types of noncovalent interactions (van der Waals interactions, hydrogen bonds, e.g.) between the DNA and
the histones |1, 13]. The histone octamer together with the /147 basepairs of nucleosomal DNA wrapped around it is
referred to as the nucleosome core particle (NCP). Since the packaging of DNA into nucleosomes requires both that
specific contacts be made between the DNA and the histones and that the DNA be wrapped/bent around the histone
octamer [1-4], it is not surprising that the thermodynamic stability of a nucleosome depends upon the sequence
of the nucleosomal DNA [549]. For example, sequences of DNA that can be more easily bent around the histone
octamer display a higher affinity for octamer binding [10] and nucleosomes reconstituted using such DNA sequences
are also more stable [10]. The periodicity of particular dinucleotides in DNA sequences with high affinity for binding
the histone octamer further demonstrates the correlation between DNA sequence and nucleosome stability as the
positions of these dinucleotides in the DNA increases the flexibility of the DNA, thereby lowering the energy barrier
for wrapping the DNA around the histone octamer and also increasing the stability of the nucleosomes |4, |6, [10].

The packaging of DNA into nucleosomes restricts the ability of DNA binding proteins to access the wrapped
nucleosomal DNA [11H13]. Consequently, DNA wrapping within nucleosomes must be dynamically controlled in order
to regulate the accessibility of the packaged DNA to DNA repair, DNA replication, and gene expression machinery
[14, [15]. One mechanism of control involves the activity of molecular motors called chromatin remodelers, which
reposition NCPs along DNA (i.e., move histone octamers relative to the DNA) using an ATP-dependent mechanism
[16-118]. Several models have been proposed for this repositioning reaction, nearly all of which rely upon the ability
of the chromatin remodeler to translocate along the nucleosomal DNA [16-24]. In order to shift the histone octamer
relative to the DNA, this process of DNA transocation must be coupled with the breaking of existing histone:DNA
contacts and the subsequent re-establishing of new histone:DNA contacts with the translocated DNA (a loop of DNA,
e.g. |18, 121-25]). Since these processes also require the location and topology of the nucleosomal DNA to be altered,
it is not surprising that the sequence of nucleosomal DNA has been shown to influence the nucleosome repositioning
activity of chromatin remodelers [26-30)].

Indeed, although nucleosomes are stable, they are nevertheless highly dynamic with the DNA being partially
unwrapped from the histone octamer between 2% and 10% of the time [31]. Chromatin remodelers likely take
advantage of these nucleosome dynamics for their repositioning activity [31] and may also influence them directly by
competing with the histones for DNA binding [32,133]; the binding of nucleosomal DNA by the histone octamer is also
affected by remodeler binding induced distortions of the histone octamer [34]. This interplay between histone:DNA
binding, remodeler:DNA binding, and remodeler:histone binding contributes to the observed rate of nucleosome
repositioning and can account for the dependence of observed rates of repositioning on the sequence of the nucleosomal
DNA [26-30]. Not only does this complicate our ability to discern the intrinsic repositioning activity of the remodeling
motor itself (or even necessarily how one would define that activity), but more significantly, there is a risk that in
some experiments the thermodynamics of histone:DNA interactions within the nucleosome can be rate-limiting for
remodeler-catalyzed nucleosome requisitioning, especially for nucleosomes reconstituted with high-affinity nucleosome
positioning sequences [5-7]. In other words, it is possible that experiments designed to analyze the repositioning
activity of chromatin remodelers, may instead be reporting primarily on the affinity of histone:DNA interactions
within the nucleosome rather than the activity of the remodeler itself. While this may be helpful in providing an
alternative tool for measuring DNA:histone interactions (i.e., an alternative probe of histone:DNA interaction free
energy [6]), it clearly muddles what can be concluded about the intrinsic repositioning activity of the remodeler
and how this activity is influenced by post-translational modifications, the presence of accessory proteins, etc.. To
address this concern, we present here a mathematical model for remodeler-catalyzed nucleosome repositioning and
demonstrate its application to both previously published and new data using the chromatin remodeler ISWT [35-38]
as a categorical example. We show how this model can reconcile seemingly disparate characterizations of the ISWI’s
nucleosome repositioning activity, including estimates of the number of processes associated with this reaction (and
corresponding rate constants) as well as the influence of substrate and assay design on measurements of this activity.
Finally, we offer a quantitative discussion on the influence of DNA damage on nucleosome repositioning. Taken
together, these results suggest a systematic strategy for future studies seeking to characterize the intrinsic activity of
chromatin remodelers.
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FIG. 1: Nucleosome repositioning model with three octamer binding sites on the DNA. Transitions between binding
sites occur through n sequential repeats of a process with rate constant k; followed by a single process with rate
constant ko. The variables k4 and k; denote the microscopic dissociation and binding constants, respectively, for a
remodeler interacting with the nucleosome.

II. MATHEMATICAL MODEL FOR NUCLEOSOME REPOSITIONING

It has been suggested that the very poor efficiency with which the ISWI chromatin remodeler couples ATP hydrolysis
to nucleosome repositioning results from ISWI engaging in multiple rounds of ‘futile repositioning’ for each successful
repositioning event [27]; this explanation is also consistent with observations that ISWI repositions nucleosomes
through a random-walk mechanism [27]. In this mechanism, the probability of successful repositioning is so low that
the location of a histone octamer is shifted, on average, only to the nearest translational position along the DNA
before ISWI dissociates from it. When the octamer is next bound by ISWI, there will be no ‘memory’ of the previous
direction of repositioning and thus an equal probability that ISWI will attempt to move the octamer in either direction
along the DNA [27].

To explore the implications of multiple rounds of futile repositioning further, we propose that each successful
repositioning reaction consists of two different ATP-dependent processes; similar models have been previously proposed
in one form or another [21H24]. Specifically, we propose that successful repositioning consists of (several possible rounds
of) remodeler translocation along the nucleosomal DNA followed by a single event in which the remodeler resets the
nucleosome by (i) breaking existing histone:DNA contacts, (ii) bending and shifting the translocated DNA (possibly
in the form of a wave or bulge [18, 2124, 133]) to its new location relative to the histone octamer, and (iii) possibly
assisting in the establishment of new histone contacts with the shifted DNA. Failure by the remodeler to complete this
final event before ISWI dissociation results in the translocated DNA resettling to its previous position with respect to
the histone octamer and re-establishing the associated histone:DNA contacts. According to this model, if either the
processivity of DNA translocation is low (such that the remodeler cannot complete all required DNA translocation
before dissociating from the nucleosome) or if the probability of completing the final process of repositioning is low
(such that the remodeler cannot complete it before dissociating from the nucleosome), multiple ‘futile’ rounds of
ATP-coupled DNA translocation will be associated with each successful repositioning event. This would naturally
inflate the amount of ATP associated with repositioning and thus make nucleosome repositioning appear less energy
efficient (in terms of ATP hydrolysis) than it actually is.

We begin by considering a model in which the histone octamer can be located in three positions on the DNA
[27); these positions correspond to minimum energy states for the interactions of the histone octamer with the
DNA. Transitions between these states occur through a combination of n sequential DNA translocation processes,
each associated with a microscopic rate constant k; followed by a single process, associated with the microscopic
rate constant ko, that accounts for all non-translocation processes related to nucleosome repositioning (bending or
otherwise changing the topology of the DNA, breaking and re-establishing of histone:DNA contacts, e.g.). In this
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FIG. 2: Fraction of end-positioned NCPs as a function of kq/k1 (a) or kq/k2 (b) from simulations using the model in
Fig. M for n =1 (open circles) and n = 10 (solid circles). The solid lines in the figure are theoretical curves
determined from the differential equations describing the model in Fig. ] using the same values for the parameters
in that model as used in the simulations. Simulations when ks > k4 (a) result in k1 becoming rate limiting for the
reaction when ky > ki, while simulations when k1 > kg4 (b) result in k2 becoming rate limiting for the reaction
when kg > ks.

model, shown in Fig. [I we assume that the repositioning reaction can proceed in either direction along the DNA,
denoted as left (L) and right (R) in Fig. [ depending upon the initial binding configuration of the remodeler with
respect to the nucleosome. The subscripts -1, 0, and 1 in Fig. [ denote the binding position of the octamer on the
DNA; position 0 is the center position on the DNA. The populations U_1, Uy, U; denote nucleosomes with octamers
at binding positions -1, 0, and 1, respectively, which are not bound by remodelers. The populations B, denote a
nucleosome bound by a remodeler with the subscript x denoting the position of the octamer on the DNA and the
direction of repositioning by the remodeler. Thus, the population B_;r denotes nucleosomes bound by remodelers
that are actively moving the histone octamers from position -1 toward the right (i.e., toward position 0). The variables
kq and k; denote the microscopic dissociation and binding constants, respectively, for a remodeler interacting with a
nucleosome. As shown in Fig. [[] all transitional repositioning states (B_1r,i, Bor.i, Bor,i, and Bir ;) will dissociate
to the previous configuration (i.e., octamer binding position) if the process associated with rate constant ko is not
completed before remodeler dissociation.

We show in Fig. [2] the results of Monte Carlo simulations of time courses of nucleosome repositioning using the
model shown in Fig. [] (see Materials and Methods). In Fig. [2 we plot the fraction of end-positioned NCPs (i.e., the
fraction which are B_1r, B_1g, U_1, Bir, Bir, U1, BiL,, and B_1g ;) for systems in which the process associated
with kp is varied [Fig. 2(a)] or the process associated with kg is varied [Fig. BI(b)] for two different values of n. For

all simulations, as the magnitude of Z—‘: or Z—Z increases, the associated processes (k1 or ka) become rate-limiting for
the repositioning reaction. As a result, as the magnitude Z—‘: [Fig. 2(a)] or Z—; [Fig. 2(b)] increases, the fraction of
end-positioned NCPs approaches one-half, as expected for a random walk [39]. In contrast, as the magnitude of k; or
ko increases, the fraction of end-positioned NCPs approach one. In this case, the NCPs are continually repositioned
the entire length of the DNA following each binding of the remodeler. As expected, in cases where k; is rate-limiting
[Fig. 2(a)], i.e., when DNA translocation is rate-limiting for the repositioning reaction, the midpoint of the transition
depends upon the number of intermediate steps n in the repositioning reaction. As shown in Fig. [(a), the midpoint
shifts to a smaller value of kq/k1 as n increases. Whereas in cases where ko is rate-limiting, there is no dependence

of the transition on n [Fig. RI(b)].

We solved the differential equations associated with the model shown in Fig. [I] assuming that the microscopic
binding constant k;, can be determined from the concentration of free remodeler in the reaction, denoted by [R] and
the equilibrium dissociation constant of the nucleosome:remodeler interaction, denoted as Kp, as shown in Eq. [
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When either k1 or ko is rate-limiting, the time courses of repositioning derived from the model in Fig. [ can be

modeled as a random walk. As shown in the Appendix, when k; is rate-limiting the effective rate constant for this
random walk, kcfr 1 is defined by Eq.

keff’lEkd([R][f]KD>(klilkd)n @)

When ko is rate limiting, the effective rate constant, keyy 2, is defined by Eq. Bl

kefmEk2([R][f]KD)(k1]ikd>n 3)

For the system consisting of three total binding sites for the histone octamer shown in Fig. [I if we assume that all
NCPs are initially located at the center of the DNA (i.e., at position 0 in Fig. [T]), and that the repositioning reaction
proceeds through a random walk, then the population of NCPs at either of the ends of the DNA (i.e., at position
-1 or position 1 in Fig. [) is described by Eq. Hl and the population of NCPs at position 0 is described by Eq.
The variable k.s; in these equations can be either kesr1 (Eq. B)) or kerr2 (Eq. B) depending upon which process is

rate-limiting for the reaction.
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The model shown in Fig. [ can be readily extended into the model shown in Fig. Blin which there are two histone
octamer binding positions on either side of the center binding position on the DNA. If we assume that repositioning
proceeds through a random walk with all NCPs initially at position 0 (at time ¢t = 0), then the population of NCPs
at either of the ends of the DNA (i.e., at position -2 or position 2 in Fig. B]) is described by Eq.

] =

%(e—lefft(ekefft _ 1)2) (6)

Similarly, under these conditions the population at position 0 is described by Eq. [ and the population at either of
the intermediate states (at position 1 or position -1 in Fig. [)) is described by Eq. B
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As before, the variable keys in Eq. [ through Eq. B can be either kerr1 (Eq. B) or kesr2 (Eq. Bl) depending
upon which process is rate-limiting for the reaction. It follows from Eq. Bl through Eq. B that the probability the
remodeler will successfully shift the histone octamer by 1 binding position along the DNA before dissociating from
the nucleosome is given by the following equation:

=
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FIG. 3: Nucleosome repositioning model with five octamer binding sites on the DNA. Transitions between binding
sites occur through n sequential repeats of a process with rate constant k; followed by a single process with rate
constant ko. The variables k4 and k; denote the microscopic dissociation and binding constants, respectively, for a
remodeler interacting with the nucleosome

(kglfkd)(klﬁ—lkd)n (9)

Therefore, the average number of futile repositioning events associated with each successful repositioning event,
denoted as Ny, is given by Eq.

= (B2 (b

As discussed previously [27], the rate of ATP hydrolysis by the remodeler is independent of the number of histone
binding sites on the DNA, but does, of course, depend upon the concentration of remodeler bound to nucleosomes. As
shown in the Appendix, for the systems shown in Fig. [land Fig. Bl the rate of ATP hydrolysis (i.e., ADP production)
per nucleosome-bound remodeler is described by Eq. [l

(10)
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In this derivation we have assumed that a single ATP molecule is hydrolyzed (a single ADP molecule produced) with
each occurrence of the processes associated with the rate constants ky and ky. To test the validity of these expressions,
we performed Monte Carlo Simulations to generate time courses of nucleosome repositioning (octamer position and
associated ATPase activity) and subsequently analyzed these data using Eq. @, Eq. [6] and Eq. [Il As expected from
the results shown in Fig. 2l(a) and Fig. 2I(b), these time courses were well described using Eq. Bl when kg > k4 and
k1 < kg and Eq. Bl when kg > ks and ky > kqg.

Lastly, it is worth noting that the derivation of Eq. [ through Eq. [l is predicated on the assumption that the
affinity of NCP binding by the chromatin remodeler is independent of the concentration of nucleotide (ATP and/or
ADP) in solution, as has been observed for ISWT [3&]. If the affinity of NCP binding is dependent upon the nucleotide
binding, we can replace the dissociation rate constant kg in these equations with the expression shown in Eq.

b kao0Ka + [Alkd,co
¢ [A]+ K4

(12)



The variables kg0 and k4o in Eq. denote the dissociation rate constants in the absence of nucleotide and in
the presence of saturating concentrations of nucleotide, respectively. The variable K 4 is the equilibrium dissociation
constant for nucleotide binding and the variable [A] is the concentration of free nucleotide in solution.

III. DNA SEQUENCE EFFECTS

In our previously published study of ISWI-catalyzed nucleosome repositioning, we reported an apparent reposition-
ing rate constant of 0.0247min ! and associated ATPase rate of 22% per NCP-bound remodeler |27]. We speculated
that the poor efficiency displayed by ISWI for coupling ATPase activity to repositioning (890 ATPs consumed per
successful repositioning event [27]) indicated that multiple rounds of futile repositioning (and associated futile ATP
hydrolysis) are associated with each successful repositioning event. To explore this further, we have reanalyzed these
previously published results [27] using the models shown in Fig. [land Fig. Blto determine estimates of the associated
kinetic parameters. We note that a range of possible values for k; for these models can be determined from the
equilbirium dissociation constant Kp = 1.3nM we determined for nucleosome binding by ISWT [38]. Assuming an
association rate of 10°M ~1s™1 to 108 M ~1s~! |40], we estimate that k4 can vary between 0.078min~! and 7.8min~!.

We first consider the possibility that k1 (i.e., DNA translocation) is rate-limiting for the repositioning reaction. We
further assume that a single ATP molecule is consumed for each process associated with rate constant k; and a single
ATP molecule is consumed for each process associated with rate constant ko. Substitution of our results into Eq. Bl

and Eq. [l gives us the following two expressions:
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We can estimate values for n and k; from our previously determined DNA translocation rate of 300% for
ISWI [41]. If we assume that 10 basepairs of nucleosomal DNA must be translocated by ISWT for each occurrence of
the slow process associated with rate constant ks [27], then the value of &y will vary with n. For example, if n = 10, k;
corresponds to the translocation of a single basepair of DNA and would therefore be equal to 300 min~!. Similarly,
if n = 1, k; corresponds to the translocation of 10 basepairs of DNA and is equal to 30min~!. Using this constraint
for k1 we simultaneously solved Eq. [[3] and Eq. [[4] to determine estimates of k; and ks for each value of n. For every
value of n, there were no solutions where both ky; and ko were real and positive. It is reasonable to assume, of course,
that ISWT’s rate of DNA translocation is lower when the DNA is wrapped within an NCP than when the DNA is
free in solution. We therefore determined estimates for ky and kg4 for different values of n and decreasing values of k;.
Again, we discovered that there are no real and positive solutions for ke and kg for any values of n and k;. Therefore,
we conclude that a model in which DNA translocation (k1) is energetically rate-limiting for nucleosome repositioning
by ISWI does not agree with empirical results.

We next determined values of k3 and kg assuming that ko was rate-limiting for the repositioning reaction. As
before, we assume that a single ATP molecule is consumed for each process associated with rate constant k; and a
single ATP molecule is consumed for each process associated with rate constant ko. Equation [I4]is still valid when
ko is rate-limiting and we determine the second equation for our analysis by substituting our results into Eq.

k1 n
k ( ) — (0.0247 + 0.0018)min " 15
() = ymin (15

As before, we determined values of ko and kg4 using estimates of n and k; from our previously published DNA
translocation studies [41]. These results, shown in Table [, indicate that only values of n > 4 are consistent with
the affinity of the ISWI:nucleosome interaction |38]. As mentioned before, it is reasonable to assume that the rate of
DNA translocation by ISWI will likely be slower when the DNA is wrapped around the histone octamer (or otherwise
interacts with the histone octamer) than when it is free in solution, as was the case in our previously studies [41].
Therefore, the minimum value of n might be even larger than the results in Table [[l indicate. Furthermore, based
upon the correlation between the parameters in Eq. [[4] and Eq. we know that the estimates of kg and ko in Table
[ represent minimum and maximum values, respectively.



TABLE I: Estimates of kq and ko for ISWI-catalyzed nucleosome repositioning [27] using the models shown in Fig. [l
and Fig. Bl (Eq. 4 and Eq. [T). The parameter n denotes the number of k; processes associated with each
occurrence of a ko process in these models. For these calculations the value of k; was fixed using ISWI’s rate of DNA
translocation [41] and assuming that 10 basepairs of DNA must be translocated for the total n DNA translocation
steps. The parameter Ny, is determined using Eq. [0 and the parameter Nyyqns is determined using Eq.

n ki (min™ D [ka(min™1)] ke(min™1) Nyu Nirans

1 30 90 £+ 30 0.10 +0.02 4000 4 2000|1.38 £0.14
2 60 15.4+ 1.8 {0.039 £0.003| 620 £110 | 4.94+0.5
3 90 8.8+ 0.9 |0.033+0.002| 35050 |11.2+£1.0
4 120 6.2+0.6 [0.030£0.002| 250430 |2044+1.9
5 150 4.8+ 0.4 |0.029 +0.002| 194 + 23 324+3

6 180 3.9+ 0.4 |0.028 +0.002| 160 %20 47+ 5

7 210 3.3+0.3 |0.028 +£0.002| 132+ 16 65+ 6

8 240 2.9+0.3 [0.027 £0.002| 118416 84+9

9 270 2.5+0.2 |0.027 £ 0.002| 101 +11 109 +9
10 300 2.3+0.2 |0.027 £0.002| 92+11 131 +11

TABLE II: Estimates of kg, criticar for ISWI-catalyzed nucleosome repositioning [27] using the models shown in Fig.
[ and Fig. Bl (Eq. 4 and Eq. [5). The parameter n denotes the number of k; processes associated with each
occurrence of a ky process in these models. The parameter Ny, is determined using Eq.

kd,critical Nfut,minimum
22+£2 900 % 100
11+1 450 £+ 50
7.3+£07 300 £ 40
5.5£0.5 220 £+ 30
444+04 180 £ 20
3.7+0.3 150 £ 20
3.1+0.3 130 £+ 20
2.7+0.2 110 £ 10
2.44+0.2 100 £ 10
2.24+0.2 90 £ 10
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When ks is rate-limiting, simultaneous solutions of Eq. [[4] and Eq. give positive solutions for k; only when
kq > kq,critical; POsitive solutions for ko exist for values of ky above or below kg criticar. The value of kg criticar depends
upon n as shown in Table [[Il ISWI-catalyzed repositioning should be maximally efficient (i.e., lowest value of Ny)
when kq = kg criticar Since that corresponds to kq = oo and ky = 0.0247 min~'. However, as shown in Table [I] even
under these conditions of maximal efficiency, less than approximately 1% of repositioning reactions are successful.
Furthermore, the results in Table [ indicate that kd,criticai is less than the maximum value of kg determined from
the affinity of the ISWI:nucleosome interaction [38] for n > 3.

To examine the worse case scenario (least efficient repositioning), we determined values of k1 and ko for Eq. [4and
Eq. assuming the maximum value of kg = 7.8 min~!; a maximum value of k4 will correspond to a minimum value
of k1, a maximum value of ko, and a maximum value for Ny,;. These results, shown in Table [[II] are also consistent
with a value of n > 4 for ISWI-catalyzed nucleosome repositioning; no real and positive values for k; and ko are
possible when n < 3 and the rate of DNA translocation when n = 3 exceeds what is observed for free DNA [41].
Finally, since the maximum values of k; in Table[[Illare lower than what would be anticipated based upon ISWI’s rate
of DNA translocation (Table[l) [41], these results suggest that ISWT’s ability to translocation along DNA is impaired
when the DNA is wrapped within an NCP. Lastly, these results indicate that less than 1% of repositioning reactions
are successful.

The results in Table [l and Table [[TI] are consistent with the hypothesis that multiple rounds of futile repositioning
are associated with each successful repositioning event and that a process other than DNA translocation is energet-
ically rate-limiting for the repositioning reaction. Indeed, the best case scenario for these calculations (i.e., most
efficient repositioning) indicate that approximately only 1% of repositioning reactions are successful, whereas some
collections of parameters indicate that only 0.1% of repositioning reactions are successful. Such a low success rate
for repositioning seems woefully inadequate for a machine tasked with respositioning nucleosomes and supports our
hypothesis that the high affinity of histone binding by the nucleosomal DNA is unduly hindering ISWT’s ability to
reposition the nucleosomes |27]. Thus, the estimated values of ko reported in Table [l might be more strongly influ-



TABLE III: Estimates of minimum value of k; and the maximum value ks for ISWI-catalyzed nucleosome
repositioning [27] using the models shown in Fig. [l and Fig. Bl (Eq. 04 and Eq. [3]) assuming the maximum value of
kq = 7.8min~1. The parameter n denotes the number of k; processes associated with each occurrence of a ks
process in these models. The parameter Ny, is determined using Eq. and the parameter Ny.qns is determined
using Eq. These parameters correspond to the least efficient repositioning possible (i.e., maximum value of
Nyy) for Eq. [4 Eq. I8, and Kp = 1.3nM [3§].

n kfl,min (minil) kf2,maz (minil) Nfut,ma;cimum Ntrans

3 230 £ 90 0.027 £ 0.003 320 £ 40 32+ 10
4 49 4+ 12 0.044 £ 0.007 320 £ 70 7.3+1.8
5 34+6 0.069 £ 0.012 320 £ 80 5.44+0.8
6 29+4 0.10 £0.02 330 £ 90 4.7+0.5
7 26 + 3 0.15£0.03 330 £ 90 434+04
8 244+ 3 0.22 £0.06 350+£120 (4.1+£04
9 24 4+ 2 0.33 £0.11 310+ 110 (4.1+£0.3
10 23+ 2 0.38 £0.17 400 £ 190 (4.04£0.3
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FIG. 4: The energy barrier to repositioning is a sum of contributions from the intrinsic energy barrier (AE;pirinsic)
associated with the biophysics of the remodeler interaction with the nucleosome and a DNA sequence specific energy
barrier (AFgequence) related to DNA sequence changes to NCP stability.

enced by the thermodynamics of the histone:DNA interactions (bending or otherwise changing the topology of the
DNA, breaking and re-establishing of histone:DNA contacts, e.g.) than by the intrinsic nucleosome repositioning
activity of ISWI. Determining this latter activity would require determining values of ko for ISWI repositioning nu-
cleosomes reconstituted with different DNA sequences with different affinities for wrapping the histone octamer and
then analyzing the dependence of ks on nucleosome stability (free energy of DNA wrapping within the NCP [5, 6],
e.g.). As shown in Fig. M we anticipate that the intrinsic energy barrier associated with nucleosome repositioning,
corresponding to the ability of the remodeler to bind the nucleosome, distort the histone octamer, break and reform
electrostatic interactions between the histones and the DNA, etc. can be increased by strengthening the affinity of
the nucleosomal DNA for wrapping within the NCP.

We will assume that only ks is significantly affected by changes in DNA sequence and that the values of ko for
different DNA sequences can be related using the simple Boltzmann statistics in Eq.

k27A — eAEB—AEA (16)
ko.B

The variable AF 4 in Eq. is the energy barrier associated with repositioning nucleosomes reconstituted with DNA
sequence A and AEp in Eq. is the energy barrier associated with repositioning nucleosomes reconstituted with
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DNA sequence B. As shown in Fig. [l these energy barriers are the sum of an intrinsic energy barrier (AE;ptrinsic)s
associated with the biophysics of the remodeler interaction with the nucleosome, and a DNA sequence specific energy
barrier (AEscquence ), related to DNA sequence changes to NCP stability. Since AE;ptrinsic should be unaffected by
a change in DNA sequence we have

AE‘B - A-EA = (AEintrinsic,B + A-Esequence,B) - (AEintrinsic,A + A-Esequence,A)

AE‘B - A-EA = A-Esequence,B - A-Esequence,A = AA-Esequence

k2,4 _ AAB.cquence (17)
ko, B

We next sought to examine the validity of Eq. [l empirically by monitoring the repositioning of nucleosomes recon-
stituted with different sequences of DNA. When analyzed using native gel electrophoresis, the electrophoretic mobility
of a nucleosome is affected by the length DNA flanking the histone octamer, with octamers flanked symmetrically
by equal lengths of DNA displaying the slowest gel mobility [27, 142]. Thus, a repositioning of the histone octamer
relative to the DNA will result in a change in the electrophoretic mobility of the associated nucleosome. We used the
chromatin remodeler ISWT for these experiments due to our past experience with this enzyme [27, 138, |41].

In order to break the assumption k4 >> ko of the random walk model (Fig. 2)), the values of k9 in Table[lland Table [Tl
would need to increase by around two orders of magnitude. According to Eq. Il that change in ko would correspond
to AAEsequence = 4.6kpT. As a preliminary test of this hypothesis, we monitored the ISWI-catalyzed repositioning of
nucleosomes reconstituted using 289 basepairs of random sequence DNA (see Materials and Methods); the difference
in affinity of wrapping the histone octamer between the Widom 601 sequence (used in experiments associated with
the parameters in Table [l and Table [Tl [27]) and random DNA is (4.4 +0.3)kgT |6]. As shown in Fig. [l four bands
appear in the electrophoretic mobility shift assay of the corresponding repositioning reaction; we number these bands
1 through 4 from top to bottom in the lane. The relative intensities of the middle two bands (band 2 and band 3)
are constant throughout the repositioning reaction whereas the relative intensities of band 1 and band 4 change with
time. As indicated in Fig. Bl band 1 has roughly the same mobility as the center-positioned nucleosome reconstituted
with the Widom 601 sequence. Similarly, band 4 has roughly the same mobility as the nucleosome with the most
asymmetric lengths of flanking DNA occurring when ISWI repositions nucleosomes reconstituted with the Widom
601 sequence. We therefore ascribe band 1 and band 4 to center-positioned and end-positioned NCPs, respectively.
As shown in Fig. [0 the intensity of band 1 decreases and the intensity of band 4 increases with time in the presence
of ISWI and ATP. These time courses of band intensity are both well described by a single exponential change with
associated rate constants of (0.054 & 0.015)min~! for band 1 and (0.074 + 0.010)min~"' for band 4. The similarity
of these rate constants and the anti-correlated changes in band intensity are consistent with ISWI repositioning the
population of NCPs at the position associated with band 1 to the position associated with band 4.

Since the time courses in Fig. [6] are well described by a single exponential, the transition between center-positioned
NCPs (band 1) and end-positioned NCPs (band 4) appears to proceed through a single step process. This is different
from the six position random walk observed for ISWI-catalyzed repositioning of nucleosomes reconstituted with a
similar length of DNA containing the Widom 601 sequence [27]. Similarly, while center-positioned NCPs remained
the dominant observed species for a random walk [27, [39], the population of center-positioned NCPs in the reactions
shown in Fig. [ decrease to the smallest fraction of all observed species at the end of the reaction.

We show in Fig. [ simulated time courses of the ISWI-catalyzed repositioning of nucleosomes reconstituted with
different DNA sequences (in each case the DNA was 289 basepairs in length). The repositioning of nucleosomes
reconstituted with random sequence DNA occurs 30 times faster than the repositioning of nucleosomes reconstituted
with the Widom 601 sequence; for the latter simulations we assumed that repositioning occurred through a six position
random walk using the previously determined apparent rate constant for ISWI-catalyzed nucleosome repositioning
[27]. Tt is possible, however, that lowering the energy barrier to repositioning through a change of DNA sequence
also allows ISWT to reposition the nucleosome through a sequential n-step mechanism [43], rather than through a
random walk. Indeed, coarse grain molecular modeling of nucleosome repositioning indicates that the mechanism of
repositioning is strongly linked to the sequence of the nucleosomal DNA due to the influence of DNA sequence on the
free-energy of DNA wrapping within the NCP [30]. The corresponding six step sequential repositioning time course
using the previously determined apparent rate constant for repositioning [27], still proceeds a factor of 20 more slowly
than what is empirically observed in Fig. il and Fig. [6l This suggests that changing the sequence of the nucleosomal
DNA has also changed the mechanism (rates, intermediates, etc.) of ISWI-catalyzed nucleosome repositioning, as
expected from computer simulations [30]. Furthermore, since the apparent rate of repositioning changed by less
than the factor of ~ (80 % 20) estimated from the change of (4.4 £ 0.3)kgT in DNA wrapping affinity, the observed
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FIG. 5: ISWI-catalyzed nucleosome repositioning of nucleosomes reconstituted with 289 basepairs of random
sequence DNA. A control experiment with ISWI-catalyzed repositioning of nucleosomes reconstituted with 289
basepairs of DNA containing the Widom 601 DNA sequence [5] is also shown; the data for this control was collected
after 60 minutes of repositioning. Rather than proceeding as a random walk [27], the repositioning of
random-DNA-sequence nucleosomes occurs in a single-step reaction.
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FIG. 6: Analysis of band intensity from ISWI-catalyzed repositioning of nucleosomes reconstituted with random
sequence DNA; band 1 (filled circles) corresponds to center positioned NCPs and band 4 (open squares) corresponds
to end-positioned NCPs. The average band intensities from three separate experiments are plotted as a function of
time following addition of ISWI and ATP. The solid lines are fits of these data to a single-exponential change
resulting in rate constants (0.054 + 0.015)min~! for band 1 and (0.074 + 0.010)min~! for band 2.
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FIG. 7: Simulated time courses of ISWI-catalyzed nucleosome repositioning for different nucleosomes. Nucleosomes
reconstituted with random sequence DNA (circles) are repositioned faster than nucleosomes reconstituted with the
Widom 601 sequence [5] (squares and diamonds). The two different simulations for repositioning the latter
nucleosomes are a random walk model (diamonds) and a sequential n-step model (squares).

repositioning activity observed in Fig. [flmay represent the intrinsic repositioning activity of ISWI. In other words, the
rate of repositioning in the experiments shown in Fig. Bl might be limited by the intrinsic ability of ISWI to interact
with nucleosomes (both nucleosomal DNA and histone octamers) rather than by the thermodynamics of DNA:histone
affinity (see Fig. M.

It is possible, of course, that the affinity of ISWI binding the NCP is different when the NCP is wrapped with
random sequence DNA from when the NCP is wrapped with the Widom 601 sequence containing DNA. Indeed,
since remodelers might compete with the histones for DNA binding 32, 33], decreasing the affinity of DNA wrapping
within the NCP might increase the affinity of remodeler binding to the NCP. As shown in Fig. 2 decreasing Kp (i.e.,
decreasing kq) will shift the observed repositioning reaction from a random walk to a single step process. However,
as shown in Fig. 2 changing from a random walk to a single-step reaction would require k4 to change by a factor of
~ 10%, which is far greater than the factor of ~ 80 estimated from the change in the wrapping energy. Furthermore,
since ISWT’s affinity for NCP is only a factor of ~ 10 different from its affinity for binding free DNA, a change in the
affinity of NCP binding of a factor of more than ~ 10? following a change in DNA sequence seems unlikely. Thus,
while changes to Kp associated with changing the DNA sequence likely contribute to the observed dependence of
observed nucleosome repositioning kinetics on DNA sequence, they are not predominately responsible for it.

We return to the models shown in Fig. [l and Fig. Bl to offer an explanation based upon kinetic competition for
why only a subset of the bands in the gel shown in Fig. Bl appear to be repositioned by ISWI. We begin with the
assumption that each band in the gel shown in Fig. [l corresponds to a nucleosome with the histone octamer at
a different position along the DNA. We next assume that the effective rate constant for nucleosome repositioning
is different for each of these nucleosomes. This can occur, for example, if the affinity of histone octamer binding
varies among the nucleosomes due to variations in DNA sequence (Fig. [M)). ISWI will have a higher probability of
repositioning nucleosomes with a higher effective rate constant than nucleosomes with a lower effective rate constant;
i.e., ISWI will preferentially reposition nucleosomes that present a lower energy barrier to repositioning (Fig. d). We
therefore propose that the energy barrier for repositioning the nucleosomes in band 2 and band 3 is much higher than
the energy barrier for repositioning the nucleosomes in band 1 and band 4. Because of this, nucleosomes corresponding
to band 1 or 4 are repositioned more quickly than nucleosomes corresponding to band 2 or band 3. This interpretation
also suggests that although ISWI can reposition nucleosomes from band 1 (center positioned histone octamers) to
band 4 (end positioned nucleosomes), the reserve reaction from band 4 to band 1 does not occur. This could happen,
for example, if the processivity of repositioning were so high that ISWI were capable of moving the histone octamers
back and forth between the two ends of the DNA. Indeed, since the nucleosomes corresponding to band 4 represent
nucleosomes with the histone octamer at either end of the DNA, repositioning of the histone octamer back and forth
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between either end of the DNA will not result in a change in the intensity of band 4 in this experiment. Thus, the final
dynamic equilibrium of the system involves repeated rounds of ISWI binding to and dissociating from nucleosomes
corresponding to band 2, band 3, and band 4, but only repositioning of nucleosomes corresponding to band 4.

A more thorough analysis of ISWI-catalyzed repositioning of NCPs reconstituted with random sequence DNA,
including a determination of the NCP structures and positions associated with each band in the EMSA analysis of
the repositioning reaction (using restriction enzyme mapping [44, |45], calculations of the affinity of histone binding
within each nucleosome, e.g.), is beyond the scope and objective of this manuscript. We seek only to demonstrate
that the mechanism of ISWI-catalyzed NCP repositioning is indeed influenced by the sequence of nucleosomal DNA
in agreement with the predictions of computer simulations [30] and our mathematical model (Fig. ).

IV. ASSAY DEPENDENT EFFECTS

Our estimation that at least four fast processes are associated with each slow (i.e., rate-limiting) process for ISWI-
catalyzed nucleosome repositioning is consistent with results of single-molecule studies of nucleosome repositioning
by ISW2 and ISI1b [24]. In that report, it was proposed that nucleosome repositioning by ISWI-family remodelers
proceeds through a coordinated two step process. First, the nucleosome is primed for repositioning by the remodeler
translocating seven basepairs of DNA (in single basepair increments) to create strain within the wrapped nucleosomal
DNA. This strain then allows for an additional three basepairs of DNA to be drawn into the NCP while pushing
three basepairs of DNA out of the NCP. This cycle of three basepairs increments of repositioning then repeats
until the remodeler dissociates from the nucleosome. While our analysis cannot estimate the rate or number of
basepairs of translocated DNA associated with an initiation process prior to processive nucleosome repositioning, our
determination that at least four fast processes associated with repositioning (each associated with between 1 and 3
basepairs translocated) is consistent with these observations. Furthermore, the estimate of (40 + 7)min~! for DNA
translocation reported in these single-molecule experiments |24] is also consistent with the values of k; determined for
n > 4 in Table[[IIl These results thus also suggest that the rate of DNA translocation by ISWI is slowed considerably
when the DNA is wrapped within (or otherwise in contact with) the NCP than when the DNA is free in solution
[41]. This NCP-imposed impairment of ISWI’s DNA translocation activity might also account for why the kinetic
step-size for DNA translocation also appears to be reduced from 5 basepairs for free DNA [41] to 3 basepairs or fewer
for nucleosomal DNA. There was no explicit determination of the rate constant associated with the release of strain
within the NCP (and/or associated conformation change in the remodeler) in these single molecule studies [24] with
which we can compare our calculation of ky (Table [l and Table [II)). Similarly, ATPase rates were not reported for
these single-molecule experiments so it is not possible to correlate ATPase rate with repositioning rate as we have
done previously [27]. This also prevents a determination of whether a similar high percentage of futile repositioning
events occurred. However, since the nucleosomes used in these single-molecule experiments were also reconstituted
using DNA containing the Widom 601 sequence |5] we would assume that repositioning would be similarly inefficient.
Thus, both the ensemble and single-molecule experiments are likely monitoring a very rare event, occurring < 1% of
the time a nucleosome is bound by ISWI, whose corresponding rate constants are more likely more indicative of the
the thermodynamics of DNA wrapping within the NCP rather than the intrinsic repositioning activity of ISWI.

In order to determine an estimate of the initiation (i.e., nucleosome priming) process indicated by the results of
these single-molecule experiments [24], we monitored the repositioning of nucleosomes with shorter lengths of DNA
flanking the NCP than we used previously [27]. Specifically, we monitored the ISWI-catalyzed repositioning of 10N24
and 24N24 nucleosomes using the molecular metronome assay |27] (see Materials and Methods). The nomenclature
used to designate different nucleosome substrates is xNy where x and y denote the length of DNA flanking the NPS,
denoted as “N” [27, 138, 146]; fluorophore labels are denoted as “F”. The time dependent increase in anisotropy
observed with the 24N24F and 10N24F nucleosomes (Fig. [ is consistent with ISWI widening the initial distribution
of histone octamers to include translational positions on the flanking DNA closer to the fluorophores [27]. The solid
lines in Fig. B are the results of analysis of these time courses using a random walk model, which returned values of
kersr = (0.026 £ 0.003)min =" for 24N24F and k.rs = (0.023 £ 0.003)min~"' for 10N24F, both of which are consistent
with previously published results [27]. In contrast, the time dependent decrease in anisotropy observed with the
F10N24 nucleosome (Fig. B) is consistent with ISWT widening the initial distribution of histone octamers to include
translational positions on the flanking DNA farther from the fluorophores. In other words, the time course observed for
the F10N24 is consistent with ISWI moving the octamer away from the fluorophore. Since the apparent rate constant
for this process (0.124-0.04)min !, determined by fitting the time course of anisotropy to a single-exponential decrease,
is much faster than the apparent rate constant for repositioning for this substrate (= 0.025min~1), we speculate
that it corresponds to a initiation process that proceeds processive nucleosome repositioning. In other words, the
repositioning assays with F10N24 and 10N24F are not monitoring the same part of the repositioning mechanism.
Additional experiments would be required to disentangle the reason for difference between our estimate of the rate
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FIG. 8: The ISWI-catalyzed repositioning of nucleosomes monitored through changes in fluorescence anisotropy [217]
24N24F solid circles, 10N24F open circles, F10N24 solid squares. The solid lines are the results of analysis of the
data (see text).

constant for repositioning initiation, (0.12 + 0.04)min~!, and that determined from single-molecule experiments,
(31 £ 2)min~! [24], which may include variations among the different remodelers studied or systematic differences
from the assays or substrates employed.

V. EFFECTS OF DNA DAMAGE ON NUCLEOSOME REPOSITIONING

It was proposed recently that the introduction of a DNA lesion changes the energy landscape of a nucleosome such
that the new energy minimum of the system corresponds to a different location of the histone octamer on the DNA
[47]. Specifically, DNA lesions which increase the rigidity of DNA are more likely to be found in the linker DNA
between NCPs whereas lesions that decrease the rigidity of the DNA are more likely to be found at the nucleosome
dyad [47]. We propose that these lesion induced changes in the thermodynamics of DNA:histone interactions will
alter how nucleosomes are repositioned by chromatin remodelers. Support of this hypothesis is found in studies
demonstrating that the rate of nucleosome repositioning by ISWI is enhanced in reactions in which a single nick is
repositioned from the linker DNA into the NCP [19]. We can now quantitatively investigate this proposal using this
data and Eq.

We first notice that the time course of ISWI-catalyzed nucleosome repositioning reported by Langst et al. [19] differs
from what we have previously observed [217]. Specifically, in our repositioning time courses the largest population of
nucleosomes remained at the center (i.e., initial position on the DNA) [27] whereas in Langst et al. the largest
populations of nucleosomes are found at the flanking positions on the DNA (i.e., not at the initial position) [19].
Thus, while the former case is consistent with the expectation of a random walk, the latter is a biased random walk
[39]. We propose that this difference results from the different DNA sequences used to reconstitute the nucleosomes
in these studies. We used the Widom 601 sequence [5] for nucleosome reconstitution [27] and Léngst et al. used a
sequence from the pMrWT plasmid containing the mouse transcription start site |19, 42]. The relative affinities of
these sequences for wrapping the histone octamer (AAE cquence) is (2.0 £ 0.6)kgT [6]. According to Eq. [T this
would correspond a change in ko of a factor of 7+ 4. An increase in ks associated with this change in DNA sequence
would still leave ko << ki for the parameters shown in Table [l and Table [[IIl and thus the repositioning reaction
would still proceed through the random walk mechanism described by Eq. E through Eq. Il However, this change
in DNA wrapping affinity may nevertheless account for the difference in equilibrium distribution of nucleosome states
observed in the two sets of experiments.

To further dissect these results, consider the simplified repositioning model shown in Fig. @ The populations B_1,
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FIG. 10: Three state NCP repositioning model with asymmetric directional bias.

By, and Bj in Fig. [ denote nucleosomes with octamers at binding position -1, 0, and 1, respectively, on the DNA;
position 0 is the center position on the DNA. The effective rate constant for transitions between states in this model
is denoted by k and the scalar factor m accounts for modifications of this rate resulting from the thermodynamics of
the DNA:histone interactions at the different octamer binding sites, intrinsic bias to the repositioning activity of the
remodeler, etc. At equilibrium the fraction of the nucleosome populations would be given by Eq. [I8

Bo 1
= 18
Bfl +B1 m2 ( )

A ratio of ﬁ ~ 0.85 was reported by Léngst et al. [19], corresponding to m = 1.08. Thus, there is a 8%
enhancement in repositioning away from the center position on the DNA as opposed to toward that location. Since
a change of a factor of &~ 16 in Kp would be required to shift the repositioning reaction from a pure random walk
to this biased random walk |42] (Fig. [)), we believe that this biased random walk results predominately from the
intrinsic repositioning activity of ISWI, rather than the affinity of ISWI binding the NCP. An intrinsic ability of ISWI
to reposition NCPs towards the end of the DNA is also consistent with ISWI-catalyzed repositioning of nucleosomes
reconstituted with random sequence DNA (Fig. [l and Fig. [6]) as well as other studies |42].

Alternatively, it is possible that the kinetics of histone octamer binding are affected by the length of the DNA
flanking the histone octamer. Indeed, we have shown previously that ISWI can bind to DNA flanking the histone
octamer if the length of the DNA is long enough [38]. In the presence of ATP, ISWI bound to sites on the flanking
DNA could translocate along the DNA to subsequently bind the histone octamer. In this way, the affinity of histone
octamer binding in the presence of ATP would increase with increasing DNA length; this is different from binding
in the absence of ATP for which we have shown no dependence on the length of flanking DNA [38]. If an increase
in histone octamer binding (resulting from translocation from initial sites on flanking DNA) did occur, however, we
would expect that nucleosomes with longer flanking DNA would be repositioned more quickly than nucleosome with
shorter flanking DNA. Since ISWT instead shows a preference for repositioning histone octamers away from the center
position on the DNA (i.e., from a nucleosome with symmetric lengths of DNA flanking the histone octamer to a
nucleosome with asymmetric lengths - one longer than the other - of DNA flanking the histone octamer), we might
conclude that ISWI binding a histone octamer following translocation along the flanking DNA on one side of the
histone octamer is binding in an orientation that does not result in repositioning back along the flanking DNA on this
side of the histone octamer. Additional experiments are clearly needed to determine the underlying kinetic and/or
thermodynamic origin of the directional bias to nucleosome repositioning by ISWI.

Our ability to discern the origin of the directional bias to ISWI-catalzyed nucleosome repositioning does not prevent
us from characterizing the effects of DNA damage on this reaction, however. We begin by noting that the inclusion of
a single nick in one strand of the DNA flanking the NCP affects the rate of ISWI-catalyzed nucleosome repositioning
[19]; in these experiments, the nick was located immediately adjacent to the nucleosome positioning sequence and
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thus is immediately outside of the histone octamer in the reconstituted nucleosomes. We can denote the enhancement
of the repositioning reaction resulting from the incorporation of this DNA damage using a scalar factor f as shown in
Fig. According to this model, the fraction of the nucleosome populations observed at equilibrium would be given
by Eq.

By 2
B_.1+B m2(f2+1)

(19)

A ratio of ﬁ ~ 0.65 was reported by Léngst et al. [19] for the repositioning of nucleosomes containing a single

nick. Thus, given m = 1.08, we conclude that f = 1.28, indicating a 28% enhancement in repositioning of the damaged
DNA into the NCP as opposed to into the linker DNA. This enhancement would require a factor of ~ 50 change in
Kp [Fig. 2Ib)], which seems unrealistically large. Alternatively, this enhancement is consistent with the fact that the
DNA containing a nick is more flexible than undamaged DNA and thus can be wrapped more easily in the NCP [47].
In other words, the presence of the DNA nick has lowered the energy barrier ISWI must overcome to incorporate
the damaged DNA into the NCP and thereby enhanced the rate at which ISWI repositions the nicked DNA into
the NCP (Fig. [), perhaps in the form of a loop. Similarly, this same change in DNA flexibility and associated
nucleosome thermodynamic stability results in a decrease in the rate of repositioning the NCP such that the nicked
DNA is outside of the NCP (and thus un-nicked DNA is wrapped in the NCP). We will assume that the process
associated with rate constant ko in the model shown in Fig. [l or Fig. Blis always energetically rate-limiting for the
repositioning reaction regardless of the present of DNA damage; we are therefore assuming that DNA translocation
by ISWI is not significantly affected by the presence of a single nick. Based upon the derivation of Eq. [[7 we can
express the change in ko associated with the introduction of damage using Eq.

ka4 _ eAAEdamage (20)
ko.B

The variable AAEgqmage in Eq. is related to the change in the thermodynamic stability of the nucleosome (from

changes in the affinity of DNA wrapping the NCP, e.g.) associated with the introduction of DNA damage. Since the

factor f = 1.28 is equal to the ratio of the value of ks for ISWI repositioning nicked DNA into the NCP to the value

of ko for ISWI repositioning undamaged DNA into the NCP, Eq. predicts a value of AAEj4mage = —0.24kpT.
The energy associated with bending DNA of length I over an angle 6 is shown in Eq. 21] [48].

kgTl,
21

The variable I, in Eq. 2] is the persistence length of the DNA. For single-stranded DNA, [, ;s = (0.68 & 0.07)nm
[49-51], and for double-stranded DNA [, 4o = (60 £ 5)nm [52-54]. The central 129 basepairs of DNA within the
nucleosome are wrapped 1.59 turns around the histone octamer [1, [3]; the 10 basepairs of DNA at each terminus of
the NCP are essential unbent [1]. Thus, the total angle for the DNA wrapping is 1.59(27)=10 rad. Finally, the length
of wrapped DNA depends upon the radius of curvature of the DNA in the nucleosome, 4.2 nm [1,13], and is [ = (4.2
nm)(10 rad) = 42 nm. Thus, the total energy of wrapping the DNA within the nucleosome is

6? (21)

Ewrap =

Erapas = 22O (10r0d)2 = (71 + 6)kpT
Ewrap,ss = W(lo7"ad)2 = (081 + OO8)I<:BT

Since there are 14 electrostatic contact points between the octamer and the nucleosomal DNA in the NCP, there are
13 regions of wrapped DNA in the NCP [1]; each region is 129/13 = 9.9 bp long. Thus, the wrapping energies per
wrapped region are (5.5+0.5)kpT and (0.062+0.006)kpT for double-stranded and single-stranded DNA, respectively.
A first order approximation of the wrapping energy for a region of DNA containing a single nick would be

9E st Ewra ,88
Ewrap,nicked = w“w’dlo = = (50 + O5)kBT

Therefore, the reduction in wrapping energy following the introduction of a single nick is (5.0 + 0.5)kgT — (5.5 +
0.5)kpT = —(0.5+0.7)kpT. This result is within the uncertainty of the estimated change in energy determined from
the change in the rate of repositioning and thus is consistent with the hypothesis that changes in the thermodynamics
of histone:DNA interactions affects the rate of remodeler-catalyzed nucleosome repositioning. Interestingly, this results
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FIG. 11: The energy barrier to repositioning is a sum of contributions from the intrinsic energy barrier (AFE;,trinsic)
associated with the biophysics of the remodeler interaction with the nucleosome, a DNA sequence specific energy
barrier (AFEgcquence) related to DNA sequence changes to NCP stability, and changes in histone:DNA or
remodeler:DNA interactions associated with DNA damage (AEgqmage)- AEdamage can lower (a) or raise (b) the
energetic barrier to repositioning depending upon its type and location [47] and thus can be favorable or unfavorable
to nucleosome repositioning.

also suggests that rather than assuming the nick introduces 10% single-stranded ‘character’ into the energetics of the
DNA, the nick introduces closer to 5%. Langst et al. did not report the ATPase activity of ISWI when repositioning
the single nick containing nucleosome [19], but we would anticipate that the ATPase rate would differ by less than 28%
since it is dominated by the fraction of nucleosome-bound ISWI, which, as mentioned previously, is likely unaffected
by the introduction of the nick.

VI. CONCLUSION

The sequence of nucleosomal DNA has been shown to influence the nucleosome repositioning activity of chromatin
remodelers [26-30], likely due to the DNA sequence dependence of the interactions between the remodeler and the
nucleosome, between the remodeler and the DNA, and/or between the DNA and the histones. Indeed, it is well known
that the affinity of DNA wrapping within the NCP is determined by the sequence of nucleosomal DNA [547,[12]. Here
we have shown that variations in the affinity of DNA wrapping within an NCP can also affect the rate of ISWI-
catalyzed nucleosome repositioning and can even shift the repositioning reaction from proceeding as a random walk to
a single step process. Thus, determining the microscopic and macroscopic parameters associated with mechanisms of
remodeler-catalzyed nucleosome repositioning requires a quantitative characterization of the affinity of all interactions
between the remodeler, the DNA, and the histone octamer. This includes, of course, characterizing the stoichiometry
with which the remodeler binds the NCP [38] so that the active oligomeric state of the remodeler can be identified
[27]).
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A. NCP Stability Modulates ISWI Function

We have demonstrated that the ISWI-catalyzed repositioning of nucleosomes reconstituted with the DNA containing
the Widom 601 sequence |5, 27] is energetically limited by a process other than DNA translocation; nevertheless these
results suggest that DNA translocation by ISWT (both macroscopic rate and kinetic step-size) are impaired when the
DNA is wrapped within the NCP. We propose that this energetically limiting process is associated with the breaking
and re-establishing of histone:DNA contacts and/or other associated changes in the topology of the DNA (such as
bending the DNA or propagating a loop of DNA around the NCP) and is therefore dependent upon the thermodynamic
stability of the NCP (the energy required to bend the DNA, e.g.). In experiments conducted with nucleosomes
reconstituted with DNA containing the Widom 601 sequence, between 99% and 99.9% of all ISWI:nucleosome binding
events result in futile repositioning, in which ATP hydrolysis but no movement of the NCP occur; this model is thus
consistent with the poor ATP coupling efficiency reported for ISWT repositioning these nucleosomes [27]. We argue
that the thermodynamic stability of DNA wrapping within the NCP of these nucleosomes (i.e., the high affinity of
the DNA for wrapping within the NCP) strongly impairs the ability of ISWI to successfully reposition the NCP
by decreasing the ability of ISWI to compete with the histones for DNA binding. Consequently, the rate constants
determined for ISWI-catalyzed repositioning of these nucleosomes (Table [l and Table [[II)) reflect more strongly the
thermodynamics of the interactions between the histones and the DNA within the NCP rather than the intrinsic
repositioning activity of ISWI itself. This result is also manifest in the ISWI-catalyzed repositioning of nucleosomes
reconstituted with random sequence DNA (Fig. Bl). Changing the sequence of nucleosomal DNA from containing the
Widom 601 sequence to containing random sequence DNA can shift the rate of nucleosome repositioning by a factor
of at least 20 while simultaneously changing the mechanism from a random walk to a single step process. Thus, we
believe that the rate of repositioning observed in the experiments shown in Fig. Bl more accurately correspond to the
intrinsic NCP repositioning activity of ISWI.

Our estimate of (0.1240.04)min~! for the process by which ISWI initiates the repositioning reaction is about two
orders of magnitude slower than that measured in the single-molecule studies ((31 = 2)min~1)[24]. This difference in
rates may reflect differences in the mechanisms of repositioning between the different remodelers used in these studies
(i.e., ISWI [27] vs. ISW2 and ISW1b [24]), but this seems unlikely given the apparent similarity in their rates of
DNA translocation (Table [[IIl). The difference in rates may result from changes in the affinity of the remodeler to
bind nucleosomes having a short piece of flanking DNA on one side of the NCP [24], but no effect of the length of
flanking DNA was observed in previous studies of nucleosome binding by ISWI [27]. Lastly, it is possible that the
repositioning initiation process (or other processes, such as those associated with ko in the models in Fig. [ and
Fig. Bl or initial rounds of DNA translocation) are enhanced by having a short length of linker DNA flanking the
NCP [24]. Indeed, these results suggest that shortening the length of the linker DNA flanking the NCP increases the
rate of the initiation process proceeding processive repositioning without affecting the affinity of NCP binding by the
remodeler. If so, this phenomenon can reconcile why some previous studies of nucleosome repositioning reported no
dependence upon DNA sequence [55] whereas other studies reported a strong dependence [26-29]. Specifically, the
former experiments may have monitored an initiation process whose rate was dominated by the short length of linker
DNA rather than any DNA sequence contributions. This suggests that experiments monitoring the repositioning of
nucleosomes reconstituted with very short flanking DNA, as is common for several FRET based assays [24, [55-58],
may be over-estimating this initiation rate. More significantly, if this initiation process is not rate-limiting for the
repositioning reaction, as our data suggest, the inherent experimental bias in these assays might mask differences in the
repositioning mechanism associated with perturbations of the system (change in NPS, post-translational modifications,
ete.).

B. DNA Damage Can Facilitate Its Own Detection

Changes in DNA rigidity resulting in DNA wrapping becoming more or less favorable, such as a change in DNA
sequence [30] or the introduction of a DNA lesion [47], should affect the repositioning reaction. A decrease in the
affinity of DNA wrapping within the NCP can result in an increase in the affinity of NCP binding by the remodeler
(i.e., a shift in the competition between the remodeler and histones for binding the DNA [32]), which will increase
the processivity of repositioning by the remodeler (Fig. 2]). Alternatively, a decrease in the affinity of DNA wrapping
within the NCP can lower the energy barrier to repositioning. For example, the rate of nucleosome repositioning by
ISWT is enhanced in reactions in which a single nick is repositioned from the linker DNA into the NCP [19]. As we have
demonstrated, this enhancement in the rate correlates well with the reduction of the energy required for wrapping the
damaged DNA within the NCP. We would similarly expect that DNA lesions that increase the rigidity of DNA would
be more easily moved from the NCP to the linker DNA. Support for this proposition has also already been observed.
One of the major forms of DNA damage caused by overexposure to UV radiation is the (6-4) pyrimidine-pyrimidone
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adduct |59], which increases the rigidity of the DNA |60, 61]. As anticipated, (6-4) pyrimidine-pyrimidone adducts are
6-fold more likely to be found in linker DNA than in the NCP [62]. In this way, DNA damaged induced changes to
NCP thermodynamics can influence chromatin remodeler activity resulting in a targeted relocation of DNA damage.
It is also possible, of course, that the DNA-sequence changes to the thermodynamics of DNA wrapping within the
NCP may facilitate remodeler-independent transitions of the NCP to different positions on the DNA [47]. An analysis
of the temperature dependence of nucleosome repositioning in the presence and absence of remodelers is required to
determine the fraction of the energy barrier to repositioning reduced by changes in DNA wrapping dynamics.

This self-reorganization of DNA damage would naturally affect the rate of DNA damage detection since it would
remove the necessity to search all of the cell’s DNA by concentrating the damage at locations where it is more likely
to be found. In agreement with this proposition are examples of DNA damage detection proteins that preferentially
bind nucleosomal DNA at the dyad [63] or in regions of increased DNA flexibility, such as in the linker DNA [64].
The efficiency of these proteins to detect their targets would be increased if nucleosomes were capable of adjusting
themselves to place these damage targets in these preferred binding locations. Indeed, the ability of DNA damage
to self-organize within a cell would minimize the accumulation of permanent damage to the cell’s genetic material,
constituting a significant evolutionary advantage for eukaryotes.

C. Coupling Between NCP Stability and Chromatin Remodeler Function

The dependence of the mechanism of nucleosome repositioning on the thermodynamics of the interactions between
the remodeler, the nucleosomal DNA, and the histones demonstrates the necessity of independently and quantitatively
characterizing each of these interactions to accurately model the repositioning reaction |26, 27, 138]. In the absence of
such information, one cannot be certain that the measured time courses of nucleosome repositioning are reporting on
the affinity of the remodeler to bind the NCP, the affinity of the DNA for wrapping within the NCP, e.g., rather than
on the intrinsic activity of the remodeler itself, including potential initiation processes [24]. Indeed, it is likely that
post-translational modification of histones and/or chromatin remodelers affect nucleosome repositioning [16, [18] by
modulating the affinity of interactions between the remodeler, the histones, and the nucleosomal DNA. For example,
the sensitivity of ISWI’s nucleosome repositioning activity to modifications within the H4 tail [65, 66] may suggest
that these modifications regulate the affinity of ISWI binding to the NCP; for example, the human ISWI homolog
Snf2 is known to interact directly with the H4 tail when bound to an NCP [33]. This would not be surprising as the
dynamics of residues within the H4 tail are known to change when the NCP is bound by remodelers, including SNF2H
[34]. The energetics associated with histone distortion following remodeler binding [34] could easily be modulated by
post-translational modifications of the histones, particularly the H4 tail, and therefore the thermodynamics (affinity,
e.g.) of remodeler binding could also be modulated by these same histone modifications. Similarly, both the affinity
of NCP binding and the rate of NCP repositioning by ISWI are increased in the presence of histone variant H2A.Z
[67]). These observations may well be coupled such that the increase in the repositioning rate is a simple consequence
of ISWI remaining bound longer to the NCP in the presence of H2A.Z. Indeed, as we have shown here, variations
in the affinity with which the remodeler binds the NCP and/or the DNA wraps the NCP can affect the mechanism
and associated rates of nucleosome repositioning. These effects are, of course, not limited to ISWI family chromatin
remodelers. Acetylation of the H3 tail has been shown to increase both the affinity of NCP binding and the rate of NCP
repositioning by the SWI/SNF and RSC chromatin remodelers [68]. This stimulation of the NCP repositioning rate
was not concomitant with an increase in the ATP hydrolysis rate, suggesting that H3 tail acetylation is reducing the
amount of futile repositioning (and associated futile ATP hydrolysis) occurring in the reaction. This is exactly what
is predicted from the models (Fig. ) if kq decreases (i.e., Kp decreases). Since acetylation of histone tails does not
affect the affinity of DNA wrapping within the NCP [69, [70], the change in NCP binding affinity associated with the
acetylation of histone tails suggests a direct interaction between the remodeler and the tails, as has been previously
reported [71H74]. Finally, the enhancement of NCP stability resulting from the 5-formylcytosine modification of
nucleosomal DNA could explain the enrichment of this modification at the transcription start sites of low-expression
genes [8]. Specifically, it is this DNA modification that results in the low expression of these genes by limiting the
ability of transcription machinery, including chromatin remodelers, to reposition the NCPs.

D. Implications for Repositioning Mechanism

Our data are consistent with a model in which nucleosome repositioning occurs through two ATP-coupled processes.
The faster of these two processes, which we have tentatively associated with DNA translocation, involves the cyclic
repeat of at least 4 steps, each associated with the binding and hydrolysis of a single ATP molecule. We associate
the slower process, which is energetically rate limiting for the entire repositioning reaction, with the energy required
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to change the topology of the DNA within the NCP (to unwrap and rewrap the DNA) or the breaking of contacts
between the histones and the DNA, or a combination of these operations. If the remodeler fails to complete either of
these two processes before it dissociates from the NCP, the NCP is reset to its previous configuration. This model is
consistent with the proposal that ISWT’s two RecA-like core domains |75] form a tracking element that remains fixed
to the NCP, likely through direct contacts with the histones [33,134], and a torsion element that translocates along the
nucleosomal DNA [33]. Dissociation of the moving torsion element before completing the energetically rate-limiting
process would account for the observed poor coupling efficiency of ATP binding and hydrolysis to NCP repositioning,.
Indeed, if the the tracking element remains bound to the NCP, then multiple rounds of futile repositioning (repeated
cycles of translocation and dissociation of the torsion element) could be associated with each binding of the remodeler
to the nucleosome. Our results cannot directly distinguish between an inchworm loop-propagation model, where
DNA loops are introduced on one side of the NCP and move around the histone octamer to the other side of the
NCP, and a twist diffusion model, in which a defect in DNA helicity is introduced and then diffuses around the NCP
in a corkscrew manner. However, the similarity between the 10 basepair increments observed for ISWI-catalyzed
nucleosome repositioning [27] and the pitch of the DNA is consistent with the expectations of a twist diffusion model
130].

It is worth noting that coarse grain molecular modeling of NCP dynamics suggest that DNA loops occurring for a
inchworm loop-propagation model are unevenly distributed along the surface of the NCP, and concentrated at SHL=£2
[30]. When combined with observations that Snf2 binds preferentially to the NCP at SHL2 |33], these results support a
proposed step-wise molecular ratchet model where a DNA loop is pulled into the NCP and localized at SHL4-2, moved
across the NCP (perhaps being pulled by the H4 tail at SHLF2), and then released from the other side of the NCP
[30]. The fast and slow processes associated with our model would then correspond to the loop formation (through
DNA translocation, e.g.) and loop propagation processes, respectively. Consistent with this model is our observation
that failure to complete the slow process results in resetting of the nucleosome to its original configuration, perhaps
through the expulsion of the initial loop from the NCP. Measurements of the kinetic parameters for ISWI-catalyzed
repositioning of NCPs reconstituted with different sequences of DNA are required to resolve this mechanism further.

Recently published structures of chromatin remodelers bound to their NCP substrates have provided invaluable
snapshots into the function of these essential machines and caution about how to interpret the results of other
experiments. For example, structures determined from cryo-electron microscopy revealed two binding sites for Snf2
on an NCP [33], one at SHL2 and the other at SHL6 where interaction with the linking DNA is possible; a small
fraction of NCPs were detected bound with two separate Snf2 remodelers, one at each of these sites. The presence
of multiple chromatin remodeler binding sites on an NCP will naturally complicate the interpretation of peptide
mapping experiments [76, [77] seeking to determine how remodelers interact with NCPs and mechanistic models
for nucleosome respositioning derived therefrom. Similarly, our results presented here demonstrate the necessity of
independently characterizing both the affinity of DNA wrapping within the NCP (i.e., NCP stability) and the affinity
and stoichiometry of NCP binding by the remodeler to model correctly the kinetics of remodeler-catalyzed nucleosome
repositioning and its dependence upon DNA sequence, post-translational modifications, variations in histone content,
etc.. Specifically, both the movement of the NCP and the rate of ATP hydrolysis by the remodeler are necessary
to determine the corresponding kinetic parameters for this modeling |27, [38]. We have shown that a global analysis
of both the ATPase and NCP movement rates can distinguish which processes are energetically rate-limiting for the
respositioning reaction. More broadly, we propose that at least some of the diversity of chromatin remodeler behavior
(influence of DNA sequence, influence of post-translational modifications of histones, preferences in NCP positioning,
etc.) are an emergent property of modulations within the network of interactions between histones, nucleosomal DNA,
and chromatin remodelers and/or can be strongly influenced by the assay used to monitor the activity of the remodeler.
Accordingly, deconvoluting the intrinsic activity of the remodeler requires simultaneous analysis of different assays
for NCP binding and repositioning (NCP movement, remodeler ATPase, e.g.) using nucleosomes reconstituted with
different DNA sequences, including those with low affinity for wrapping the NCP, and being aware of (and possibly
correcting for) any systematic biases in the experiments used to monitor these remodeler activities. Only through
a combined approach can one correctly describe not only remodeler function, but also how DNA sequence, post-
translational modifications, interaction with other regulatory proteins within or outside of the chromatin remodeling
complex, etc., affect this function.

VII. MATERIALS AND METHODS

Protein Expression and Nucleosome Reconstitution: Xenopus Laevis ISWI, histones H2A, H2B, H3 and H4
were expressed and purified according to previously published protocols [27, I38]. DNA fragments containing the 148
bp 601 high affinity nucleosome positioning sequence 5] (Sequence-containing plasmid is a kind gift from Timothy
J. Richmond) and additional length of flanking DNA was amplified using large scale PCR followed by purification of
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the amplified fragment. The 601 sequence consisted of the following sequence:

CGGG ATCC TAAT GACC AAGG AAAG CATG ATTC TTCA CACC GAGT TCAT CCCT TATG TGAT GGAC
CCTA TACG CGGC CGCC CTGG AGAA TCCC GGTG CCGA GGCC GCTC AATT GGTC GTAG ACAG CTCT
AGCA CCGC TTAA ACGC ACGT ACGC GCTG TCCC CCGC GTTT TAAC CGCC AAGG GGAT TACT CCCT
AGTC TCCA GGCA CGTG TCAG ATAT ATAC ATCC TGTG CATG TATT GAAC AGCG ACCT TGCC GGTG
CCAG TCGG ATAG TGTT CCGA GCTC CC

Random sequence DNA was amplified from this same plasmid and consisted of the following sequence:

ACTC TAGA GGAT CCCC GGGT ACCG AGCT CGAA TTCG CCCT ATAG TGAG TCGT ATTA CAAT TCAC
TGGC CGTC GTTT TACA ACGT CGTG ACTG GGAA AACC CTGG CGTT ACCC AACT TAAT CGCC TTGC
AGCA CATC CCCC TTTC GCCA GCTG GCGT AATA GCGA AGAG GCCC GCAC CGAT CGCC CTTC CCAA
CAGT TGCG CAGC CTGA ATGG CGAA TGGC GCCT GATG CGGT ATTT TCTC CTTA CGCA TCTG TGCG
GTAT TTCA CACC GCAT ATGG TGCA CTCT CAGT A

Nucleosomes were reconstituted according to previously published protocols [27, 138] using either non-labeled
primers or Alexa488 end-labeled primers (IDT, Coralville TA) and were evaluated using a 5% native polyacrylamide-
bisacrylamide gel (60:1) run at 100 V in 0.25x Tris-Borate-EDTA (TBE) buffer followed by either staining using
SYBR® gold or exposed for fluorescence and imaging using a Typhoon imager (GE Healthcare).

Gel based repositioning assays: 10 nM ISWI was incubated with 50 nM nucleosome substrates in reaction
buffer (10 mM HEPES (pH 7.0), 20 mM KCl, 10 mM MgCl2, 4% glycerol, 0.1 mg/ml BSA, 0.5 mM DTT) at 25
°C. Repositioning reactions were initiated by the addition of 1 mM ATP and allowed to proceed for specific time
points before stopping by the addition of quenching solution containing EDTA and competitor plasmid DNA. The
reactions were then analyzed using 5% native polyacrylamide-bisacrylamide gel (60:1) run at 100 V in 0.25x TBE
buffer followed by staining using either SYBR gold and visualized using a Typhoon imager (GE healthcare).

Anisotropy based repositioning assays: ISWI (20 nM concentration) was incubated with 10 nM of Alexa488
labeled nucleosome substrates in reaction buffer (10 mM HEPES (pH 7.0), 20 mM KCl, 10 mM MgC12, 4% glycerol,
0.1 mg/ml BSA, 0.5 mM DTT) at 25 °C. Reactions were initiated by the addition of 1 mM ATP and the movement
of the octamer was detected by monitoring changes in the fluorescence anisotropy of the fluorophore using a Syergy?2
fluorescence spectrophotometer (BioTek) set at 485 nm excitation and monitoring emission at 520 nm [27].

Monte Carlo Simulations: All Monte Carlo simulations were programmed with Python 3.6 using Spyder 3.2.3
IDE. Simulations create bins for each state population (Bogr, Bor, Uy, Ui, ete.) including intermediate states, then
loop through each member of each bin once per time-step, checking against assigned probabilities to determine how
the populations change according to Fig. Mland Fig. Bl Checking against probabilities is done through random number
generation using Python’s ‘random.uniform()’ function. Populations for time courses are defined by combining each
major state population (i.e., Bog + Bor, + Up) with the populations of the intermediate states which collapse to that
major state upon dissociation (i.e., Bog,1—9). Each transition also includes the hydrolysis of a single ATP molecule
(i.e., production of a single ADP molecule), which is used to establish an ATP hydrolysis time course.

Data Analysis: Analysis of repositioning and ATPase time courses was performed using R [78]. Cited errors
are the standard error of the parameter determined using the nonlinear least squares (nls) algorithm. The average
number of steps completed before dissociation in a sequential n-step mechanism is determined using Eq. 22] [43].

k14 kq

Ntrans =
ka

(22)
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IX. APPENDIX

The derivations for equations describing the time dependent populations of nucleosomes repositioned through a
random walk were presented previously by Al-Ani et al. [27]; we note that Equation A24 in that publication is
incorrect. We have followed a similar derivation here to obtain Eq. [l through Eq. [l
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FIG. 12: A simple repositioning reaction involving 3 occurrences of a process associated with a rate constant k; and
a single occurrence of a process associated with rate constant ky. The variables kg and k;, denote the microscopic
dissociation and binding constants, respectively, for a remodeler interacting with the nucleosome.

We begin our modification of that derivation by considering the simple model shown in Fig. [[21 In this model,
a unidirectional repositioning reaction takes a nucleosome from an initial position (denoted as 0) to a final position
(denoted as 1) through 3 occurrences of a process associated with rate constant k; and a single process associated
with rate constant ks. As before, the populations B, denote a nucleosome bound by a remodeler with the subscript
x denoting the position of the octamer on the DNA. The population Uy denotes a nucleosome with the octamer at
position 0 that is not bound by a remodeler. The differential equations describing the populations in this model are
shown below.

Do = —kyUo + ka(Bo + Bo,1 + Bo,2 + Bo,3)
4Bo — 1 Uy — (k1 + ka)Bo
dﬂ’;‘;‘l = k1Bo — (k1 + ka)Bo1
4Bo2 — JyBoa — (k1 + ka)Bo 2
4Bos — kyBoo — (ka + ka)Bo.s

dt -
S =kaBos

Furthermore, if the total number of nucleosomes in the reaction is denoted as N we can relate all nucleosome popu-
lations using Eq. 23]

N =Uy+ By + Bo,1 + Bo2 + Bos + By (23)

When either the process associated with k; or the process associated with ks is rate-limiting, the population By will
increase according to a single-exponential; we can equivalently say that the population By 3 will decrease according to
a single-exponential. When this occurs, all populations other than B; are in dynamic equilibrium with one another
and therefore and all of the associate derivatives of those populations with respect to time are zero. Let’s focus on
the first differential equation shown above.

0 = —kyUo + ka(Bo + Bo,1 + Bo2 + Bo,3)

Solving for Uy gives us

k
By + Bo1+ Bo2+ Bos = k_ZUO (24)

Substitution of Eq. into the Eq. B3] gives us

NZUQ-F,]j—on-i-Bl

d
N = (katho)p, 4 B,

Since the variable N is a constant, differentiation of this equation with respect to time gives us the following expression:
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_ (katky\dU dB1
0= (M) + %

Which we can further simplify to Eq.

kq + kp\ dU,
d,:; )= + kaBo3 (25)

0=( dt

Now let’s return to the remaining algebraic equations describing the relationships between the populations in Fig.
when the system is in dynamic equilibrium.

0= kyUy — (kl + kd)Bo
0=kKk1By— (kl + kd)BQJ
0=k1Bo,1 — (k1 + ka)Bo,2
0= k1Bo,2 — (k2 + ka)Bo,3

We can combine these equations to determine the relationship between Uy and By 3.

_ ks k1 3
Bos = 5w (k1+kd) Uo

Differentiation of this equation with respect to time then yields

dBos  k ko dU,
dt ke +kg\ki+kq) dt
Combining Eq. and Eq. gives us a differential equation involving only B 3.

dBO,S _ ]i}b kl _ kz
@i = Tatha (k1+kd (=7t Boss)
d

Further simplification of this equation yields our final result.

dBy 3 ky k1 3 koky
2 — B 27
dt (kb—l—kd(lﬁ-i-kd) kd-i-kz) 09 27)

The solution to Eq. is
Boﬁg(t) = Boﬁg(t = O)ekefft

As expected, the time evolution of By 3 or equivalently By can be described by a single exponential. The rate constant
for this exponential (which is thus the effective rate constant for the repositioning reaction) is given in Eq.

k¢ff::(kbﬁ?kd>(klﬁ}kd)g(kfi?iz) (28)

The first term in Eq. 28 can be simplified using Eq. [l

kepr = (uﬂgfk(D)(klﬁ}kd>3(kfj?22> (29)

There are two limiting cases for the final term in parenthesis in Eq. When k5 is large compared to kg (i.e., when
k2 is not rate-limiting) we have

kokq
1m =
ka>kq kg + ko

d

Alternatively, when ko is small compared to kg4 (i.e., when ko is rate-limiting) we have
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| kokq
1m =
ka<kq kg + ko

We thus have two effective rate constants for the repositioning reaction.

_ (R] k
kepsa = ([R]-{-—KD> (kl-i-lkd> ka

_ (A
kefra = ([R]-{-—KD) (kl-i-kd) ke

By extension of these results, we see that the effective rate constants for a system consisting of n occurences of the
process assocaited wtih rate constant k; would be given by Eq. Bl and Eq. 311

Resgn = ([R] [f]KD) (kl Iil kd)nkd (30)
e () () .

Eq. and Eq. Bl are identical to Eq. 2 and Eq. [

We can follow a similar approach to determine the equation for the ATPase associated with nucleosome repositioning.
Let’s assume that each process associated with the rate constant ki and the process associated with ko will each be
associated with the production of a single ADP molecule (i.e., the hydrolysis of a single ATP molecule). Following
these assumptions, the differential equation for the concentration of ADP associated with the model in Fig. is
shown in Eq.

d[ADP]
dt

We can then substitute Eq. 24 into Eq.

= k1(Bo + Bo,1 + Bo,2) + k2Bo 3 (32)

% = k1($2Uo — Bo,3) + k2Bo3

% —k1( )Uo—l—(kz—/ﬂ)Bog

Then we express By 3 in terms of By using the same approach described above.

d[ADP] . (k, e\ ke
i =)o k1)<k1+kd> <k2+kd)B° (33)

We can next express By in terms of Uyp.

d[ADP
=k (k_b)UO + (k2 — k) (555 ) B e Vo

d[ADP
: dt ] = ;:_Z(kl + (k kl)kd-i-kz (kllj‘lkd)g)UO

We can then simplify this expression further using the expression Uy = N ( kb]jliikd )

d[ADP
[ dt I = 1]:_3 (kl + (k2 kl)kd-i-kg (kllfﬁkd)B)N(kblffkd)

Further simplification, substitution of Eq. [l and generalizing to n intermediate states then gives us

d[ADP g \" R
ADP] _ (kl + (ke = k) (52 ) (5 ) )(—[R]L]KD>N
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FIG. 13: A simple repositioning reaction involving 3 occurrences of a process associated with a rate constant k; and
a single occurrence of a process associated with rate constant k2. The variables ky and k;, denote the microscopic
dissociation and binding constants, respectively, for a remodeler interacting with the nucleosome. This model
generates a steady-state ATPase production since the state By 3 connects to By.

R

The final term in this expression, ([R][Jr—]KD) N, denotes the total concentration of nucleosomes bound by remodelers.

Therefore, the amount of ADP per nucleosome bound remodeler increases linearly with time according to Eq. B4l

pwm@—<m+@—mmmfbﬂhﬁmfy (34)

Alternatively, we could derive an expression for the steady-state ATPase rate using the model shown in Fig. This
model allows for continued nucleosome repositioning following the initial successful repositioning event and therefore
does not have the strict processivity limit of the model in Fig. According to the model in Fig. 03] the steady-state
values of Uy, By 3, and By are related by the following expression

kgUy + k230,3 = (kl + kd)Bo

We can rewrite this equation by expressing By 3 in terms of By.

2
kyUp + kz(kli—lkd) kzli—lkdBo = (k1 + ka)Bo

2
kyUp = (kl +ka — kQ(kllj-lkd) kzlj‘lkd)Bo

We can then substitute this expression into Eq. B3] and simplify using the expression Uy = N ( kblidkd) to determine
an equation for ATPase production. We can further generalize our result to n occurrences of the process associated

with rate constant k1. As part of this solution, we will define the parameter « using Eq.

1

n
1 _ ko k1
ko+kq ki1+kq

The amount of ADP per nucleosome bound remodeler thus increases linearly with time according to Eq.

o= (35)

[ADP|(t) = <k1 4 (ks — kl)(kdlj‘_ikz) (kllj_lkd)na>t (36)
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Eq. is identical to Eq. [l and differs from Eq. B4 only in terms of the factor a. Furthermore, as expected from
the comparison of the models in Fig. and Fig, [13]

lim =1
k}2—>0

The parameter v can thus be interpreted as a measure of the probability that a remodeler can successfully reposition
a nucleosome across multiple octamer binding sites.

It is worth noting, however, that both of these derivations ignore the possibility of a remodeler binding to a
nucleosome in an orientation that does not result in subsequent repositioning; for example, the binding of U; to Big
or U_; to B_yr in the model in Fig. I Such binding would reduce the ATPase rate since some of the remodelers
would be sequestered into non-ADP-productive interactions with the nucleosomes. Furthermore, since the number of
these none productive interactions remains constant but the number of productive interactions (from U_; to B_1p,
or B_jg in the model in Fig. [ e.g.) increase as the length of the DNA increases, we would expect the ATPase rate
would similarly depend upon the length of the DNA. Therefore, since the ATPase rate associated with ISWI-catalyzed
nucleosome repositioning is independent of DNA length [27], we hypothesize that the affinity of ISWI binding in non-
productive interactions is less than the affinity of ISWI binding in productive interactions. Additional experiments
are required to resolve this issue further.
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