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A Nucleotide-Driven Switch Regulates Flanking DNA Length
Sensing by a Dimeric Chromatin Remodeler

John D. Leonard}? and Geeta J. Narlikar®l*

1Department of Biochemistry and Biophysics, University of California, San Francisco, CA 94158,
USA

2Tetrad Graduate Program, University of California, San Francisco, CA 94158, USA

SUMMARY

The ATP-dependent chromatin assembly factor (ACF) is a dimeric motor that spaces nucleosomes
to promote formation of silent chromatin. Two copies of its ATPase subunit SNF2h bind opposite
sides of a nucleosome, but how these protomers avoid competition is unknown. SNF2h senses the
length of DNA flanking a nucleosome via its HAND-SANT-SLIDE (HSS) domain, yet it is
unclear how this interaction enhances remodeling. Using covalently connected SNF2h dimers we
show that dimerization accelerates remodeling and that the HSS contributes to communication
between protomers. We further identify a nucleotide-dependent conformational change in SNF2h.
In one conformation the HSS binds flanking DNA, and in another conformation the HSS engages
the nucleosome core. Based on these results, we propose a model in which DNA length sensing
and translocation are performed by two distinct conformational states of SNF2h. Such separation
of function suggests that these activities could be independently regulated to affect remodeling
outcomes.

INTRODUCTION

Chromatin remodelers are molecular motors that regulate gene expression and chromatin
structure by altering the position and composition of nucleosomes, the fundamental units of
chromatin (Clapier and Cairns, 2009). Remodelers move nucleosomes by translocating
DNA across the surface of an octamer of histone proteins, but the mechanisms by which
they accomplish this remain poorly understood.

The ATP-dependent chromatin assembly factor (ACF) is an ISWI-family remodeler that
generates even spacing between nucleosomes in vitro (Ito et al., 1997) and contributes to the
maintenance of heterochromatin in vivo (Collins et al., 2002; Deuring et al., 2000; Fyodorov
et al., 2004). ACF also moves mononucleosomes to the center of a short piece of DNA (He
etal., 2006; Langst et al., 1999). These nucleosome spacing and centering activities are
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thought to rely on the ability of the ATPase subunit to “sense” the length of DNA flanking
either side of a nucleosome and move the nucleosome preferentially toward the longer DNA
(Clapier and Cairns, 2009; Kagalwala et al., 2004; Stockdale et al., 2006; Yang et al., 2006).
Indeed, increasing flanking DNA length stimulates ATP hydrolysis and nucleosome
remodeling by ISWI ATPases (Clapier and Cairns, 2009; He et al., 2006; Whitehouse et al.,
2003; Yang et al., 2006; Zofall et al., 2004).

The conserved HAND-SANT-SLIDE (HSS) domain of the ATPase subunit (Figure 1A,
top), has been identified as the region responsible for binding flanking DNA, and has thus
been implicated in the characteristic DNA length sensitivity of ISWI remodelers (Clapier
and Cairns, 2009; Dang and Bartholomew, 2007; Fan et al., 2004; Griine et al., 2003; Hota
etal., 2013; Narlikar et al., 2013). Recent studies demonstrated that ISWI and related Chd1
remodelers do not require rigid mechanical coupling between the flanking DNA binding
domain and the ATPase domain in order to efficiently move nucleosomes (Ludwigsen et al.,
2013; Nodelman and Bowman, 2013). Instead, the authors suggest that binding of the HSS
to flanking DNA enhances enzymatic activity by productively anchoring the ATPase
domain. In contrast, others have proposed that HSS binding to flanking DNA more directly
activates the ATPase by relieving inhibition from an autoregulatory motif (Clapier and
Cairns, 2012). Thus, the precise role of the HSS domain in remodeling and whether or how
it communicates with the ATPase domain remain unclear.

Human ACF consists of the ATPase subunit, SNF2h, and an accessory subunit, Acfl. Two
copies of SNF2h, can bind opposite sides of a nucleosome, and dimerization enhances the
remodeling activity of both SNF2h alone and the ACF complex (Racki et al., 2009). While
this dimeric architecture helps explain the ability of ACF to move nucleosomes processively
and bi-directionally (Blosser et al., 2009), it raises new questions about how the two motors
work together to remodel a single nucleosome instead of competing in a futile tug-of-war.

In this work we use recently described protein ligation methods to engineer constitutive
SNF2h dimers, and address how each motor contributes to the remodeling reaction. We also
use thermodynamic analyses and FRET-based approaches to study how the HSS domain is
regulated by the nucleotide state of the ATPase active site. Our results suggest a model in
which a large conformational change between DNA length-sensing and translocating forms
of SNF2h enables proper nucleosome repositioning and facilitates cooperation between
protomers in the SNF2h dimer.

Covalent linkage of SNF2h proteins reveals that dimerization enhances remodeling

Our previous work revealed positive cooperativity in the concentration dependence of
SNF2h nucleosome remodeling activity (Racki et al., 2009), indicating that dimerization
enables SNF2h to remodel nucleosomes more effectively. However, because SNF2h exists
predominantly as a monomer in the absence of nucleosomes and only dimerizes in the
presence of its substrate (Racki et al., 2009; data not shown), a quantitative comparison of
the dimeric and monomeric forms of SNF2h has been technically challenging. To overcome
this challenge we engineered constitutive, covalently linked SNF2h dimers using a protein
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ligation method termed SpyCatcher (Zakeri et al., 2012; Supplemental Experimental
Procedures). The resulting covalent fusion, hereafter called SNF2h [wt]-[wt], consisted of
two full-length SNF2h proteins connected at their C-termini by a 57 amino acid flexible
linker and the 14kDa SpyCatcher domain (Figure 1A, left; Figures SIA-S1C).

SNF2h moves mononucleosomes containing 60 bp or less of flanking DNA toward the
center (Yang et al., 2006; Figure 1B). Like wild type SNF2h, the constitutively dimeric
SNF2h [wt]-[wt] also centered mononucleosomes with 60 bp of flanking DNA (0/60) in a
native gel mobility shift assay (Figure 1B). Using a FRET-based assay (Yang and Narlikar,
2007; Yang et al., 2006) we compared their maximal rates of nucleosome sliding (Figure
1C), and found that SNF2h [wt]-[wt] remodeled slightly (1.5-fold) faster than wild type
SNF2h. Moreover, at least 40-fold lower concentrations of SNF2h [wt]-[wt] relative to wild
type SNF2h were required to achieve half maximal remodeling, consistent with SNF2h [wt]-
[wt] engaging nucleosomes as a single, dimeric copy (Figures SID-S1E). Notably, under
these conditions (enzyme saturating and in excess over nucleosomes), wild type SNF2h
engages nucleosomes predominantly as a dimer (Racki et al., 2009), and so the modest rate
enhancement of SNF2h [wt]-[wt] likely reflects some added benefit of covalently linking the
two protomers.

To obtain a quantitative estimate of the benefit of dimerization, we sought to compare the
remodeling activities of SNF2h [wt]-[wt] and wild type SNF2h under conditions that would
favor dissociation of the latter into monomers. We reasoned that a large excess of
nucleosomes over enzyme should increase the likelihood of complexes containing a single
copy of wild type SNF2h. Covalently dimerized SNF2h [wt]-[wt], by contrast, should be
less susceptible to this type of disruption due to the high effective concentration of the
connected proteins. We therefore measured initial rates of hucleosome remodeling with
nucleosomes saturating and in excess of enzyme (>15-fold). Under these conditions, the
constitutively dimeric SNF2h [wt]-[wt] moves nucleosomes 4.5-fold more rapidly than an
equivalent active site concentration of wild type SNF2h (Figure 1D). This comparison
provides a conservative estimate of the difference between wild type and SNF2h [wt]-[wt].
Indeed, if wild type SNF2h were entirely monomeric under these conditions, then there
would be twice as much wild type SNF2h-nucleosome complex (40 nM) as covalent dimer
complex (20 nM), and the difference between monomer and dimer would in fact be 9-fold.

Thus, wild type SNF2h remodels at a similar rate to SNF2h [wt]-[wt] under dimer-favoring
conditions (1.5-fold more slowly; Figure 1C) but remodels significantly more slowly under
monomer-favoring conditions (=4.5-fold more slowly; Figure 1D).

The HSS domain plays arole in coordination between SNF2h protomers

The covalently connected SNF2h dimers also provided an opportunity to investigate the
influence of one protomer on another. Specifically, we asked what roles the ATPase and
HSS domains (Figure 1A, top) may play in enabling the two protomers in a SNF2h dimer to
work together to remodel a nucleosome.

The HSS domain has been implicated in flanking DNA length sensing by ISWI enzymes,
and thus in their ability to center mononucleosomes (Dang and Bartholomew, 2007; Hota et
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al., 2013). However, we found that deleting the HSS domain from one protomer of a SNF2h
dimer ([AHSS]-[wt]; Figure 1A) had little or no effect on its ability to center nucleosomes
(Figure 1E) or on the overall rate of remodeling (Figure 1F).

We next tested the role of the ATPase domain by introducing an active site mutation
(E309A) in one protomer of the constitutive SNF2h dimer ([wt]-[WB]; Figure 1A). This
mutation in the conserved Walker B ATPase motif (WB) decreases the rate of ATP
hydrolysis (Racki et al., 2014) and dramatically slows remodeling in the context of wild type
SNF2h (Figure S1F). In contrast to the HSS deletion, [wt]-[WB] dimers moved nucleosomes
~5-fold more slowly than [wt]-[wt] (Figure 1F). We reasoned that this result could arise
from either of two distinct scenarios. One possibility is that efficient remodeling requires the
action of two ATPases, and so impairing one ATPase would slow remodeling. In this case,
additional mutations to the WB protomer should have little influence on remodeling, as this
protomer is already dramatically impaired. Alternatively, it may be that only one ATPase is
required for efficient nucleosome sliding, but the WB protomer exerts a dominant negative
effect on the wild type protomer. In this scenario, it may be possible, through additional
mutations to the WB protomer, to exacerbate or relieve this inhibitory effect.

To distinguish between these two possibilities, we examined the effects of combining the
HSS domain deletion and the WB catalytic mutation on the same protomer in cis ([WB/
AHSS]-[wt]; Figure 1A). Compared to the single mutant [wt]-[WB], the double mutant
[WB/AHSS]-[wt] remodeled nucleosomes 5-fold faster, with a maximal rate comparable to
[wt]-[wt] (Figure 1F). This indicates that deletion of the HSS domain in cis rescues the
inhibitory effect of the WB mutation in a SNF2h dimer. Interestingly, HSS deletion has
different effects on remodeling rate depending on whether it is introduced in the context of a
wild type protomer ([AHSS]-[wt], no effect) or a catalytically impaired protomer (JWB/
AHSS]-[wt], 5-fold increase; Figure 1F).

The above results suggest the following: 1) a single, wild type SNF2h protomer is sufficient
for maximal nucleosome sliding activity. This finding disfavors a model in which both
SNF2h ATPases make an obligate contribution to the remodeling reaction. 2) The role
played by the HSS domain depends on the state of the ATPase domain in cis. 3) The
functional interaction between the ATPase and HSS domains in cisis important for proper
coordination between SNF2h protomers in trans.

Nucleotide state regulates interactions between HSS domain and the nucleosome

The ability of ISWI remodelers to generate evenly spaced chromatin is thought to rely on the
ability of the HSS domain to “sense” flanking DNA length through direct binding
interactions (Dang and Bartholomew, 2007; Hota et al., 2013; Yang et al., 2006). However,
it remains unclear whether or how DNA binding by the HSS domain is coupled to the action
of the ATPase domain (Clapier and Cairns, 2012; Hota et al., 2013; Ludwigsen et al., 2013;
Mueller-Planitz et al., 2013). Our observations above suggested that the state of the ATPase
active site may influence the HSS domain in cisto affect the remodeling reaction (Figure
1F, [wt]-[WB] vs. [AHSS/WB]-[wt]). We therefore wondered whether ATP binding and/or
hydrolysis in the active site may regulate the interaction between the HSS domain and the
flanking DNA. Previous studies of HSS-DNA interactions have focused primarily on the
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nucleotide-free (apo) state (Dang and Bartholomew, 2007; Hota et al., 2013), and it has not
been directly investigated whether these interactions change during the ATPase cycle. We
therefore examined the contribution of the HSS domain to nucleosome binding in the
presence of different ATP analogs.

We labeled nucleosomes with a Cy3 fluorophore on a unique cysteine introduced into the N-
terminal tail of histone H4 (A15C), and monitored the increase in fluorescence intensity
upon SNF2h binding (Figure 2A, bottom; Supplemental Experimental Procedures). Dye
attachment at this site did not interfere with nucleosome binding or remodeling (Figures
S2A-S2C, data not shown). Using this method, we measured binding of SNF2h to
nucleosomes in the absence (core) or presence (30/30) of symmetric, 30 bp flanking DNAs
(Figure 2A, top). We observed that SNF2h binds 30/30 nucleosomes 2.1-fold more tightly
than core nucleosomes in the absence of nucleotide (Figure 2B, apo; p<0.0001). The
magnitude of this effect is consistent with previous reports that ISWI enzymes bind more
tightly to nucleosomes with longer flanking DNA (He et al., 2006; 2008; Kagalwala et al.,
2004).

Binding to flanking DNA was enhanced by the addition of ADP, indicated by the 4.9-fold
preference for 30/30 nucleosomes over core (Figure 2B; p<0.0001). Furthermore, in the
ADP state, deletion of the HSS domain greatly reduced binding to 30/30 nucleosomes (22-
fold; Figure 2C, left) but had a much more modest effect on binding to core nucleosomes,
which lack flanking DNA (2.1-fold; Figure 2C, right). This is consistent with a role of the
HSS domain in binding flanking DNA in the ADP state (Figure 2E, top).

We next examined SNF2h binding to nucleosomes in the presence of ADP-BeFy, a
nucleotide analog that can adopt configurations ranging from ATP to ADP-P; (Del Campo
and Lambowitz, 2009; Rayment et al., 1996; Thomsen and Berger, 2009). Strikingly, while
the addition of ADP-BeF slightly increased the overall affinity of SNF2h for nucleosomes,
it abolished the preference for nucleosomes with flanking DNA (Figure 2B). This raised the
possibility that the HSS does not make contacts with flanking DNA in the ADP-BeF, state.

If the HSS domain does not engage flanking DNA in the ADP-BeF, state, we wondered
whether it might contribute to binding other parts of the nucleosome. Indeed, compared to
the modest effect of HSS deletion on binding to core nucleosomes in the presence of ADP
(2.1-fold), deleting this domain dramatically reduced affinity for core nucleosomes in the
presence of ADP-BeF, (44-fold; Figure 2D, right). A similar effect was observed on 30/30
nucleosomes (56-fold; Figure 2D, left). Interestingly, in the presence of ADP-BeF, deletion
of the HSS domain had a similar magnitude effect on binding to a short piece of DNA
(Figure S2D; 22-fold for DNA vs. 44-fold for core nucleosomes), suggesting that the
contribution of this domain to core nucleosome binding may be due largely to binding of
nucleosome-wrapped DNA. Importantly, the HSS may contribute to core nucleosome
binding either through direct interactions between this domain and the nucleosome, or
through allosteric effects on the rest of the SNF2h protein. Together, these results
demonstrate that, in the ADP-BeFy state, the HSS domain does not bind flanking DNA, but
rather contributes to binding the nucleosome core (Figure 2E, bottom).
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The findings above suggest a nucleotide-driven switch between two distinct conformations
of SNF2h: a conformation in which the HSS engages the flanking DNA (Figure 2E, top),
and a conformation in which the HSS releases flanking DNA and instead stabilizes binding
to the nucleosome core (Figure 2E, bottom).

Nucleotide state drives a conformational change in SNF2h

To further test the hypothesis that nucleotide state regulates the position of the HSS domain,
we developed a FRET-based assay to detect the location of the HSS relative to the flanking
DNA (Figure 3A). In this assay, a donor dye at the end of the flanking DNA (DNA(+20))
transfers energy to an acceptor dye attached to the HSS domain (SNF2h A930C) when the
two are in close proximity.

Due to the large number of endogenous cysteines in SNF2h, we used an enzymatic protein
ligation strategy to label SNF2h at a single site in the HSS domain (Popp et al., 2007; 2009;
Figure S3A-S3C, Supplemental Experimental Procedures). We chose a site in the SLIDE
domain (A930C) predicted from molecular homology modeling to be opposite the DNA
binding interface (Figure 3A; Kelley and Sternberg, 2009; Yamada et al., 2011) and labeled
this site with an acceptor dye. SNF2h labeled in this way remodeled nucleosomes with rates
comparable to wild type (within 2-fold; Figure S3D).

We bound acceptor-labeled SNF2h to nucleosomes labeled with donor at the end of a single
20 bp flanking DNA (Figure 3A, DNA(+20)) and measured FRET efficiency (Supplemental
Experimental Procedures). The binding analysis in Figure 2 implied that the HSS domain
makes stronger contacts with flanking DNA in the ADP state than in the ADP-BeF state.
Consistent with this interpretation, we found that the FRET efficiency was higher in the
presence of ADP than ADP-BeF, (Figure 3B). This FRET change was robust to the method
used to calculate FRET efficiency, as methods that control for intrinsic changes in donor
(Figure S3E) or acceptor (Figure S3F) fluorescence also showed reduced FRET in the ADP-
BeF state. This suggests that the HSS is in closer proximity to flanking DNA in the ADP
state than in the ADP-BeF state (Figure 2E).

Our thermodynamic analysis also suggested that, in the ADP-BeF state, rather than
releasing the nucleosome altogether, the HSS domain engages the nucleosome core (Figure
2E, bottom). However, the precise location of the HSS domain in this state is unclear. We
therefore introduced donor fluorophores individually at several internal locations on the
nucleosome (Figure 3A,; data not shown), bound each of these nucleosomes with acceptor-
labeled SNF2h and measured FRET efficiency in different nucleotide states as above.
Consistent with the predictions of our model, two locations within the nucleosome core
exhibited increased FRET with the HSS domain in the ADP-BeF state relative to the ADP
state: one on a histone tail (H2A T11C; Figures 3A, 3C) and one on the nucleosomal DNA
25 bp from the entry/exit site (DNA (=25); Figures 3A, 3D). These probes are located on the
side of the nucleosome opposite the dyad, ~120-140 A away from the DNA (+20) probe
(Figure 3A).

Together with the thermodynamic characterization above, these FRET data suggest the
existence of a large conformational change in SNF2h that is driven by nucleotide state. In
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one conformation (stabilized by ADP) the HSS domain is extended, making contacts with
flanking DNA. In the other conformation (stabilized by ADP-BeF,) the HSS retracts away
from the flanking DNA and helps to engage the nucleosome core (Figure 2E).

In the Discussion section below we address the implications of these findings and propose a
model for the mechanism of nucleosome remodeling by SNF2h.

Nucleosome centering relies on flanking DNA length sensitivity

It has been proposed that the characteristic mononucleosome centering activity of ISWI-
family remodelers depends on their ability to sense flanking DNA length via the HSS
domain (Kagalwala et al., 2004; Stockdale et al., 2006; Yang et al., 2006). We sought to test
this basic premise using a recently discovered regulatory element that uncouples flanking
DNA length sensing from nucleosome mobilization. This region has been examined in
Drosophila ISWI in the context of a deletion series (Clapier and Cairns, 2012) and, more
recently, in SNF2h where it was replaced by a short, flexible linker (Hwang et al., 2014). In
the latter study, disrupting NegC selectively impaired flanking DNA length sensitivity
without compromising the ability of SNF2h to move nucleosomes.

We replaced NegC with a flexible linker of equal length in the context of full length SNF2h
(mNegC; Figure 4A) and found that SNF2h mNegC exhibited no defect in overall
remodeling activity (Figure S4) but had dramatically reduced sensitivity to flanking DNA
(Figure 4B). Whereas wild type SNF2h remodeled core nucleosomes 10-fold more slowly
than 30/30 in a restriction enzyme accessibility assay (Figure 4B, left), this difference was
only 1.5-fold for SNF2h mNegC (Figure 4B, right). This result is consistent with previous
work, which demonstrated that the NegC element is important for DNA length sensitivity by
SNF2h (Hwang et al., 2014). Interestingly, the authors observed no such effect of NegC
disruption in the context of the ACF complex, suggesting that the accessory Acfl subunit
compensates for the loss of NegC. Consistent with this possibility, the authors found that the
Acf1 subunit has an additional mechanism for sensing flanking DNA length via its N-
terminal region (Hwang et al., 2014).

To investigate whether uncoupling DNA length sensing from nucleosome mobilization
affects nucleosome centering, we next compared the remodeled products of SNF2h mNegC
and wild type SNF2h on a native gel. Whereas wild type SNF2h produced primarily
centered nucleosome products, SNF2h mNegC generated a steady-state distribution of
products with a broad range of electrophoretic mobilities (Figure 4C). This strongly supports
the hypothesis that nucleosome centering by SNF2h relies on its ability to sense flanking
DNA length.

DISCUSSION

In this work we investigate the mechanism of nucleosome sliding by the human chromatin
remodeling motor SNF2h. We address how the conformation of SNF2h and its engagement
of the nucleosome change as a function of its ATPase cycle, as well as how two SNF2h
motors work together to remodel a single nucleosome.
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Two modes of nucleosome engagement suggest a two-state model for SNF2h remodeling

ISWI-family chromatin remodelers sense flanking DNA length via the conserved HSS
domain (Dang and Bartholomew, 2007; Griine et al., 2003; Hota et al., 2013). However, it is
unclear how the HSS contributes to nucleosome movement, as well as whether and how it
communicates with the ATPase domain (Clapier and Cairns, 2012; Ludwigsen et al., 2013;
Mueller-Planitz et al., 2013; Nodelman and Bowman, 2013). Our work indicates that the
nucleotide state of the active site controls binding of the HSS domain to different regions of
the nucleosome (Figures 2, 3). These results suggest that the HSS domain plays an
additional role in remodeling that is independent of flanking DNA binding.

One possible interpretation of this nucleotide-dependent change in HSS position (Figures 2,
3) is that SNF2h re-orients itself on the nucleosome without a conformational change in the
enzyme. Such a model would require that the ATPase domain also change its position on the
nucleosome as a function of nucleotide state. Alternatively, our data could reflect a
conformational change in the SNF2h protein itself, in which the HSS moves with respect to
the ATPase domain. We favor the latter model because our data, combined with previous
observations, suggest that the ATPase domain remains bound at the same location on the
nucleosome in all the nucleotide states tested here. These findings are as follows: 1)
Previous work has shown that the ATPase domain of ISWI enzymes engages the histone H4
tail (Mueller-Planitz et al., 2013) and the surrounding nucleosomal DNA at super-helical
location 2 (SHL2; Dang and Bartholomew, 2007) in the apo state. We have previously
reported that SNF2h engages the H4 tail and SHL2 DNA in both the apo and ADP-BeFy
states (Racki et al., 2009), and others have observed that the homologous yeast ISW2
protects this location in the apo and ADP states (Gangaraju et al., 2009). These previous
findings suggest that the ATPase domain remains engaged at SHL2 in the apo, ADP and
ADP-BeF, states. 2) In the current study, our binding analysis (Figure 2) uses a probe on the
histone H4 tail. We detect fluorescence enhancement in response to SNF2h binding in all
nucleotide states tested, which would suggest that the ATPase binds near this location in all
these states. For these reasons, we interpret our results above to indicate a large
conformational change in the SNF2h protein, rather than simply a change in binding
orientation.

The conformation in which the HSS engages the nucleosome core is stabilized by ADP-
BeFy, a nucleotide analogue that several lines of evidence suggest mimics an activated state
of SNF2h. For example, ADP-BeF, promotes engagement of the histone H4 tail (Racki et
al., 2009), a nucleosomal epitope that stimulates ATP hydrolysis, hucleosome sliding and
translocation along naked DNA (Clapier et al., 2001; Clapier and Cairns, 2012; Hamiche et
al., 2001). ADP-BeF also stabilizes a restricted conformation of the nucleotide binding
pocket and this change is enhanced by the histone H4 tail (Racki et al., 2014). Taken in
context with these published findings, our results suggest that the HSS releases flanking
DNA in an activated ATP state and instead binds the nucleosome core.

Intriguingly, recent single molecule observations indicate that SNF2h is insensitive to

flanking DNA length during nucleosome translocation (Hwang et al., 2014). ISWI enzymes
remodel nucleosomes in two observable phases: 1) a slow, ATP-dependent “pause” phase in
which nucleosomal DNA does not move, as detected by FRET; followed by 2) a fast, ATP-
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dependent translocation phase in which the DNA is repositioned in several 1bp increments
(Blosser et al., 2009; Deindl et al., 2013; Hwang et al., 2014). A recent study demonstrated
that the duration of the pause phase is sensitive to flanking DNA length but the translocation
phase is not (Hwang et al., 2014), indicating that flanking DNA length sensing and
translocation occur at different times during the remodeling reaction.

Our results suggest a possible physical explanation for these single molecule observations.
We propose a model in which DNA length sensing and translocation are carried out by two
distinct conformational states of SNF2h (Figure 5). In this model, upon binding a
nucleosome, the HSS engages flanking DNA, which helps productively orient the ATPase
domain and thus stimulates ATP hydrolysis (Figure 5, top). During this phase
(corresponding to the “pause” phase in single molecule experiments), ATP hydrolysis is not
coupled to DNA translocation, but instead powers a slow conformational change to the
translocation-competent state of SNF2h (Figure 5, vertical arrow). This process is rate
limiting, making the overall reaction rate sensitive to flanking DNA. Following this switch
to the translocation-competent state, in which the HSS domain engages the nucleosome
core, SNF2h undergoes multiple rounds of ATP hydrolysis, leading to the translocation of
several bp of nucleosomal DNA as described previously (Figure 5, bottom; Deindl et al.,
2013). Finally, some process, for example the accumulation of strain on the nucleosome
(Deindl et al., 2013), could lead the HSS to release the nucleosome core and re-engage the
flanking DNA.

Several features of this model are consistent with previous work on the mechanism of ISWI
remodelers as follows:

1. Two recent studies, one with Drosophila ISWI and one with yeast Chd1, have
shown that flexible insertions between the ATPase domain and the DNA binding
domain do not inhibit remodeling activity (Ludwigsen et al., 2013; Nodelman and
Bowman, 2013). Based on these findings, it was proposed that the DNA binding
domain does not communicate with the ATPase domain through transduction of
mechanical force. Rather, it was suggested that binding of the HSS to flanking
DNA serves to productively orient the ATPase domain on the nucleosome,
consistent with the post-binding, productive engagement step we propose in Figure
5 (top). It is further possible that some level of flexibility between the ATPase and
HSS domains is in fact essential to enable the transition between the DNA length-
sensing state and the translocation-competent state (Figure 5, vertical arrow).
Interestingly, in the case of Chd1, shortening the linker between the ATPase and
DNA binding domains beyond a critical distance did compromise remodeling
activity (Nodelman and Bowman, 2013). Based on this result, it was suggested that
a minimal linker length between the ATPase and the DNA binding domain is
needed to accommodate conformational changes during remodeling.

2. Our model proposes that hydrolysis of ATP from the DNA length-sensing state
does not power translocation (Figure 5, vertical arrow). Consistent with this
possibility, the NegC regulatory element has been shown to conditionally inhibit
the coupling of ATP hydrolysis to translocation on naked DNA (Clapier and
Cairns, 2012). We speculate that NegC contributes to preventing translocation in
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the DNA length-sensing state, thereby gating the transition to the translocation-
competent state.

3. Published DNA footprinting results are consistent with our proposal that the HSS
domain engages the nucleosome core in an activated, translocation-competent state
(Figure 5, bottom). One study of the homologous yeast ISW2 complex reported the
appearance of a new region of protection on nucleosomal DNA shortly following
the addition of ATP or during remodeling of stalled nucleosomes (Gangaraju et al.,
2009). This protected region overlaps with our two internal FRET probes (Figure
3), and we have previously observed increased protection at this location by SNF2h
in the presence of ADP-BeFy (Racki et al., 2009).

Our results are thus consistent with previous work and extend current models by providing
evidence for two distinct, nucleotide state-dependent conformations of SNF2h: a
conformation in which the HSS binds flanking DNA, and a conformation in which the HSS
engages the nucleosome core.

Cooperation and communication within SNF2h dimers

SNF2h dimerizes on nucleosomes (Racki et al., 2009), yet how two motors bound to the
same nucleosome coordinate their activities to avoid competition has remained unclear.
There are two general classes of models for dimer action. In one model, the two motors take
turns, with only one motor moving the nucleosome at a time. In a second model, the two
motors cooperate, with each motor making an obligate contribution to nucleosome sliding.
Here, we address the contributions of each motor to the remodeling reaction by engineering
constitutive SNF2h dimers. We find that a single wild type motor is sufficient for maximal
nucleosome remodeling (Figure 1F). This is most consistent with a model in which one
motor can perform the basic remodeling reaction, and the two motors in a dimer take turns
moving the nucleosome back and forth. In this model, binding interactions made by the non-
translocating protomer could contribute to remodeling by increasing the time the
translocating motor remains bound to the nucleosome, rather than by directly increasing the
rate of nucleosome sliding.

How might it be that only one SNF2h motor is activated at a time? We have previously
observed that SNF2h engages nucleosomes asymmetrically in the ADP and apo states
(Racki et al., 2009), states in which it also binds flanking DNA (Figure 2B). This raises the
possibility that only one protomer can bind flanking DNA at a time. We therefore speculate
that communication between protomers occurs at the level of binding to flanking DNA. In
such a model, the two motors would have to take turns binding to their respective flanking
DNAs (Figure 5, top). The longer the DNA, the greater the probability that the motor bound
to that DNA would hydrolyze ATP and proceed to the translocation-competent state. The
slow transition to the translocation-competent state would reduce the probability that both
motors simultaneously attempt to translocate, thereby avoiding a tug-of-war.

Communication at the level of flanking DNA binding could also help explain the observed
behavior of mutant SNF2h dimers (Figure 1). By this model, in SNF2h [wt]-[WB], the
catalytically compromised protomer is impaired in its ability to switch to the translocation-
competent state and remains bound to flanking DNA. The mutant would thus act as a
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dominant negative by preventing the wild type protomer from taking a turn at binding its
flanking DNA (Figure S5A). However, deleting the HSS domain of the WB mutant ([AHSS/
WB]-[wt]) would prevent it from remaining bound to the flanking DNA, allowing the wild
type motor to bind flanking DNA and proceed to translocation unimpeded (Figure S5B).

If flanking DNA length sensing and nucleosome translocation are carried out by two
different conformations of SNF2h, then it may be possible to regulate these two processes
independently of one another. The model proposed here (Figure 5) provides a framework for
interrogating how protein binding partners or contextual cues (i.e. histone modifications)
may selectively alter one process or the other, in order to promote defined remodeling
outcomes.

EXPERIMENTAL PROCEDURES

For greater detail on the methods used in this work, see Supplemental Experimental
Procedures.

Protein expression and purification

All SNF2h variants were expressed as N-terminal 6xHis fusions in E. coli and affinity
purified. Tags were removed by TEV protease and proteins were further purified by ion
exchange and size exclusion chromatography.

Nucleosome labeling and reconstitution

Mononucleosomes were reconstituted from purified, recombinant histones and PCR
products containing the 601 positioning sequence as previously described (Lowary and
Widom, 1998; Shahian and Narlikar, 2012). Fluorescent DNA labels were introduced by
PCR with labeled primers (Integrated DNA Technologies, IBA Life Sciences) and histone
labels were introduced prior to octamer refolding using dye maleimides, similar to
previously described (Shahian and Narlikar, 2012).

SpyCatcher covalent dimerization

SNF2h proteins containing a C-terminal (GGS)g linker and SpyTag or SpyCatcher (Zakeri et
al., 2012) were purified by affinity and ion exchange chromatography, then mixed in
equimolar amounts overnight at 4°C during TEV cleavage. Dimers were separated from
monomers by size exclusion. The pDEST14-SpyCatcher plasmid was obtained from
AddGene (Plasmid #35044).

Nucleosome remodeling assays

Native gel shift remodeling assays were performed similar to previously reported (Yang et
al., 2006), at 25-30°C in Reaction Buffer (12-15 mM HEPES pH 7.5, 70 mM KClI, 0.02%
(v/v) Igepal (NP-40), 2-4% (v/v) glycerol, 5 mM MgCl,, 2 mM ATP), quenched at various
time points with excess ADP and plasmid DNA, and separated by native PAGE (5%
polyacrylamide, 0.5X TBE). FRET remodeling was performed similar to previously
reported (Racki et al., 2009; Shahian and Narlikar, 2012) at 25°C in Reaction Buffer with
11% (v/v) glycerol. Experiments were performed in a K2 fluorometer (1SS) with a 550 nm
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short-pass excitation filter, 535 nm long-pass emission filter, and excitation and emission
monochromators set to 515nm and 670nm, respectively. Restriction enzyme accessibility
(REA) assays were performed similar to previously reported (Narlikar et al., 2001) at 25°C
in Reaction Buffer with 8% (v/v) glycerol, 7 mM MgCl, and 3 U/pL Pstl (NEB). At time
points, aliquots were quenched with 1% (w/v) SDS and 35 mM EDTA, digested with 3.3
mg/mL Proteinase K, and separated by native PAGE (10% polyacrylamide, 1X TBE). All
reactions were started with the addition of nucleosomes. Gels were visualized with SYBR
Gold (Life Technologies).

Nucleosome binding assays

7.5 nM nucleosomes labeled with Cy3 on H4 A15C were incubated with varying
concentrations of SNF2h for 35-45 minutes at room temperature in 15 mM HEPES pH 7.5,
70 mM KCI, 0.02% (v/v) Igepal (NP-40), 3mM MgCl, and 4% (v/v) glycerol. Reactions
with nucleotide contained an additional 3 mM MgCl,, 3 mM ADP and (for ADP-BeFy) 3
mM BeCl, and 15 mM NaF. Reactions were assembled in opaque 384-well plates (Corning)
and imaged on an Analyst AD platereader (Molecular Devices) with a 520 nm bandpass
excitation filter, 580 nm bandpass emission filter and 561 nm dichroic mirror.

Labeling and sortase-mediated transpeptidation of SNF2h

SNF2h was expressed in two fragments: one containing the HSS domain (aa730-1052) and
one containing the ATPase (aal-729) with its C-terminus mutated to contain the cognate site
for the S aureus sortase A transpeptidase (Popp et al., 2009). All native Cys residues in the
HSS were mutated to Ser, and a unique Cys was introduced (A930C). HSS-A930C was
labeled with Cy5-maleimide (Lumiprobe) and ligated to the ATPase fragment by S. aureus
sortase A to reconstitute full-length, labeled SNF2h (Figures SIA-S1C).

FRET between HSS and Nucleosomes

1 uM Cy5-labeled SNF2h was incubated with 200 nM 20/0 nucleosomes (labeled at various
positions with Cy3) in: 7 mM HEPES pH 7.5, 70 mM KCI, 0.02% (v/v) Igepal (NP-40), 7%
(v/v) glycerol, 5 or 6 mM MgCl,, 2 or 3 mM ADP. ADP-BeFy reactions also contained 2 or
3 mM BeCl, and 10 or 15 mM NaF. Samples were incubated for 5-10 min at 25°C and
measured in a fluorometer as above. See also Figures SIE-S1H.

Data fitting and FRET calculations are described in Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SNF2h dimers remodel faster than monomers and coordinate their activities via the
HSS domain

(A) Top, domain architecture of wild type SNF2h. Bottom left, schematic of SpyCatcher
method for covalent dimerization of SNF2h (Supplemental Experimental Procedures).
Bottom right, schematic of dimeric SNF2h variants.

(B) Gel shift nucleosome remodeling assay comparing wild type SNF2h to [wt]-[wt] dimer.
0/60 nucleosomes (40 nM) were remodeled with the indicated concentrations of each
enzyme and stopped at various time points.

(C) FRET nucleosome remodeling assay comparing wild type SNF2h to [wt]-[wt] dimer.
Left, schematic of the assay setup (green donor, red acceptor) and representative kinetic
traces. Right, maximum rate constants (Kmay) from remodeling 7.5 nM FRET-labeled 0/60
nucleosomes with saturating amounts of each enzyme (400 nM wild type; 20 nM [wt]-[wt]).
Bars are mean * s.e.m. from three replicates.

(D) Gel shift nucleosome remodeling as in (B), but with excess, saturating nucleosomes.
Left, gel of 0/60 nucleosomes (660 nM) remodeled by indicated concentrations of wild type
SNF2h or [wt]-[wt]. Right, initial rate of appearance of centered product. Bars are mean +
s.e.m. from four replicates.

(E) Gel shift nucleosome remodeling as in (B), comparing SNF2h dimer variants from (A).
(F) Comparison of maximal FRET remodeling rates of SNF2h dimer variants, as in (C).
[wt]-[wt] is same as (C), re-plotted for comparison. Saturating concentrations of dimers: 20
nM [wt]-[WB]; 160 nM [AHSS]-[wt]; 80 nM [WB/AHSS]-[wt]. Bars and reported values
are mean + s.e.m. from three replicates.

See also Figure S1.

Mol Cell. Author manuscript; available in PMC 2016 March 05.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Leonard and Narlikar

Page 17

A & w - B .
core 30/30 151 @ 3050 —
-*51.0- Lo F___3 =
8 ~d-- ° =
£ -1 3104
(0] -
g E
2 =
%05 hast
S 4 30730 > 5 4.9-fold
z e core -‘é‘ b *hkk
g g
©
S
2 of r r . 0-
0 2000 4000 6000 apo ADP  ADP-BeF,
[SNF2h] (M)
C —_— = D —_— = E
40  ADP 10 ADP 109 ADP-BeF, ) ADP-BeF,
5 081 5 s ADP
S 0.64 5 o 10+
= 2 =
z | > 4
= £ 54
& £
0.2 24 ADP-BeF,
22 fod 56-fold 44-old
0= wild 0= Wild 0 Wil = 0- wild —
Wid aHss  wid anss wid anss  Wid aHss

Figure 2. Nucleotide state regulates binding of the HSS domain to flanking DNA or the
nucleosome core

(A) Top, schematic of core and 30/30 nucleosomes. Bottom, representative binding curves
showing the increase in fluorescence intensity from various concentrations of wild type
SNF2h binding to 7.5 nM H4 A15C-Cy3 nucleosomes in the presence of ADP. Points are
mean + s.e.m. from three replicates, fit to a cooperative binding model.

(B) Comparison of wild type SNF2h binding affinities for 30/30 (striped bars) and core
(solid bars) nucleosomes in the presence of no nucleotide (apo), ADP or ADP-BeF. Fold
changes indicate the decrease in affinity for core relative to 30/30 nucleosomes in a given
nucleotide state. Error bars are s.e.m. **** p<0.0001; n.s. not significant.

(C) Comparison of wild type SNF2h and SNF2h AHSS binding affinities for 30/30 (left,
striped bars) or core (right, solid bars) nucleosomes in the presence of ADP. Fold changes
and p-values reflect the decrease in affinity from deletion of the HSS domain. *** p<0.001,
**** p<0.0001.

(D) Same as (C), but in the presence of ADP-BeF.

(E) Simple model for the proposed nucleotide-stabilized conformational states of SNF2h. In
the ADP state (top) the HSS domain is extended, binding flanking DNA. In the ADP-BeF
state (bottom) the HSS is retracted, helping bind the nucleosome core. For clarity, only one
protomer is shown.

See also Figure S2.
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Figure 3. A nucleotide-driven conformational change involving the HSS domain
(A) Structural model of the SNF2h HSS domain (green) bound to a nucleosome (gray),

indicating the locations of FRET probes used in (B-D). A homology model of HSS-DNA
complex based on PDB:2Y9Z (Yamada et al., 2011) was generated using Phyre2 (Kelley
and Sternberg, 2009) and manually docked onto the nucleosome PDB:1KX5 (Davey et al.,
2002). Positions of Cy3 donor (green spheres) and Cy5 acceptor (red sphere) dyes are
indicated.

(B) FRET between SNF2h A930C-Cy5 (1 uM) and 0/20 Cy3 DNA(+20) nucleosomes (200
nM). Left, schematic of label positions. Middle, representative emission spectra in the
presence of ADP (blue) or ADP-BeF, (red), showing donor (~565 nm) and acceptor (~670
nm) fluorescence in response to donor excitation. Right, FRET Ratios in the presence of
ADP (0.51 + 0.004) or ADP-BeF (0.34 £ 0.005) given as mean = s.e.m. from three
replicates. See Figures S3E-S3F for FRET determination by two alternate methods.

(C) FRET between SNF2h A930C-Cy5 (1 uM) and 0/20 H2A T11C-Cy3 nucleosomes (200
nM), in the presence of ADP (0.39 + 0.003) or ADP-BeFy (0.56 £ 0.003), shown as in (B).
See Figures S3G-S3H for FRET determination by two alternate methods.

(D) FRET between SNF2h A930C-Cy5 (1 uM) and 0/20 Cy3 DNA(-25) nucleosomes (200
nM), in the presence of ADP (0.40 + 0.011) or ADP-BeFy (0.49 £ 0.004), shown as in (B).
**** p<0.0001, *** p<0.0005

See also Figure S3 and Supplemental Experimental Procedures.
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Figure 4. Impairing DNA length sensitivity abolishes nucleosome centering
(A) Schematic showing the location of the NegC motif in the primary sequence of SNF2h,

and the mutations in SNF2h mNegC.

(B) Restriction enzyme accessibility assay comparing stimulation of remodeling activity by
flanking DNA for SNF2h wild type and mNegC. Top, schematic of the assay workflow.
Remodeling exposes a buried Pstl restriction site, DNA products are separated on a native
gel and fraction of cut DNA is quantified. Middle, kinetics of nucleosomal DNA cutting
over time for wild type (left) and mNegC (right) remodeling core and 30/30 nucleosomes.
Saturating concentrations of enzyme were used (300 nM and 900 nM for 30/30 and core
nucleosomes, respectively). Points are the mean of three or four replicates, fit to a single
exponential. Bottom, maximum rate constants (Kmax) obtained from fits. Values are mean +
s.e.m.

(C) Gel shift nucleosome remodeling assay comparing wild type SNF2h to mNegC. 0/60
nucleosomes (40 nM) were remodeled with the indicated concentrations of each enzyme and
stopped at various time points.

See also Figure S4.
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Figure 5. A model for nucleosome remodeling by SNF2h
SNF2h initially engages nucleosomes in a non-productive ground state (top middle).

Binding of the HSS domain to flanking DNA leads to productive engagement of the ATPase
domain (top left and right) and ATP hydrolysis. In this DNA length-sensing state (purple
box), the HSS domain binds flanking DNA, but the enzyme cannot translocate. ATP
hydrolysis from the DNA length-sensing state induces a slow, rate-limiting conformational
change to a translocation-competent state (vertical arrow). For clarity, this transition is only
shown for one SNF2h protomer. In the translocation-competent state (orange box), ATP
hydrolysis is coupled to translocation of DNA across the surface of the histone octamer.
Translocation proceeds until strain on the nucleosome is released, resetting the enzyme to
the length-sensing state. In this model, longer flanking DNA increases the likelihood of
SNF2h undergoing a conformational change to the translocating state and, therefore, makes
the overall reaction sensitive to flanking DNA length. The two SNF2h protomers take turns
for binding to their respective flanking DNAs (top). This allows discrimination between
long and short flanking DNA, and helps prevent the two motors from trying to move the
nucleosome simultaneously in opposite directions.

See also Figure S5.
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