




















substrate; Figures 1A and 4C). Strikingly, however, further addi-
tion of free H2A.Z-H2B dimers led to a transient decrease in
FRET, followed by an increase (Figure 4C). Importantly, small
changes in Cy5 emission observed after direct Cy5 excitation
were not ATP-dependent, eliminating the possibility that
changes were due to an altered solvent environment during the
dimer exchange reaction (Figure 4D). In addition, this transient
decrease in FRET was not observed for reactions containing
AMP-PNP and H2A.Z-H2B dimers, demonstrating a requirement
for ATP hydrolysis (Figure 4C). Importantly, the rate of FRET
decrease was faster than the rate of dimer eviction under these
low-ATP conditions (t1» = 2.1 min), consistent with an ATP-
dependent, on-pathway reaction (Figure 4C; Figure S4B). These
results suggest that SWR1C promotes ATP-dependent unwrap-
ping of DNA at the nucleosomal edge only in the presence of free
H2A.Z-H2B dimers.

The SWR1C-Catalyzed Replacement of H2A-H2B

Dimers Is Markedly Asymmetric

The kinetic trace of the dimer eviction reaction revealed a
markedly biphasic reaction (Figure 3B). The experimental data
were analyzed with a double-exponential rate equation, yielding
values for the fast and slow kops 0f 0.33 min~" (half-life = 2.1 min)
and 0.06 min~" (half-life = 12.3 min), respectively. In addition, the
fast phase of the reaction was associated with an ~70% change
of the FRET amplitude, whereas there was a smaller, ~30%
amplitude associated with the slow phase. One possibility is

Figure 4. SWR1C Catalyzes ATP-Depen-
dent Unwrapping of Nucleosomal DNA dur-
ing Dimer Exchange

(A) The emission spectra under Cy3 excitation at
530 nm of 77N0-Cy3 H2A-Cy5 nucleosomes
incubated with ATP (black), SWR1C (red), SWR1C
and ATP (green), or SWR1C and AMP-PNP (blue).
(B) Normalized Cy5 FRET trace of 77N3-Cy3 H3-
Cy5 nucleosomes incubated under saturating
nucleotide concentrations with ATP (black);
SWR1C and ATP (red); SWR1C and AMP-PNP
(blue); or SWR1C, H2A.Z-H2B dimers, and ATP
(green).

(C) Normalized Cy5 FRET trace of 77N3-Cy3 H3-
Cy5 nucleosomes bound to SWR1C under low
nucleotide concentrations with H2A.Z-H2B di-
mers and ATP (black), dimers and AMP-PNP (red),
or no dimers and ATP (green).

(D) Normalized Cy5 signal under direct excitation
at 650 nm showing no ATP-dependent change in
the Cy5 environment for 77N3-Cy3 H3-Cy5 nu-
cleosomes during SWR1C dimer exchange with
low ATP concentration (black) compared with
AMP-PNP (red).

The emission spectra in (A) were taken after 35 min
of incubation, except for the reaction with the
nucleosome and SWR1C, which was adjusted for
photobleaching using the spectra from the nucle-
osome and ATP reaction pre- and post-incuba-
tion. Spectra were collected in triplicates. FRET
reaction time course traces were collected in at
least duplicates, averaged, and fit to a linear
regression or single-exponential decay model.
The y-intercept of each fit was normalized to 1.

that the two distinct kinetic phases reflect the sequential
SWR1C-catalyzed eviction and replacement of each of the two
H2A-H2B dimers under these single-turnover conditions. To
further investigate this possibility, we measured the kinetics
for ATP-dependent deposition of H2A.Z-H2B. For monitoring
H2A.Z deposition, the nucleosomal substrate contained a Cy3
fluorophore on the nucleosomal DNA edge, and the free
H2A.Z-H2B dimer contained the Cy5 label on the H2A.Z C
terminus (Figure 5A). SWR1C reactions were initiated under
single-turnover conditions, and the kinetic trace shows an
ATP-dependent increase in the FRET signal, consistent with
H2A.Z deposition (Figure 5B). Importantly, the kinetic profile for
H2A.Z deposition was also clearly biphasic, yielding kyps for
the fast and slow phases of 0.32 min™" (half-life = 2.2 min.) and
0.04 min~" (half-life = 16.6 min), respectively. Notably, the values
of these kops for H2A.Z-H2B deposition are quantitatively similar
to those of the fast and slow k,,s measured for the eviction of
H2A-H2B (Figure 3B). Taken together, the remarkable similarity
in the biphasic kinetic profiles suggests that SWR1C catalyzes
sequential exchange of two H2A-H2B dimers in areal-time assay
performed under single-turnover conditions.

The biphasic kinetics of dimer eviction and deposition may
reflect asymmetry in the catalytic cycle so that the first
round of dimer exchange occurs preferentially on one face of
the nucleosome with a rate that is ~6-fold faster than exchange
of the second dimer. To address this question, FRET mononu-
cleosomes were reconstituted that contained single, 2-nt gaps
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Figure 5. Transient Kinetics of ATP-Dependent Deposition of Two H2A.Z-H2B Dimers Is Asymmetric

(A) Experimental strategy for monitoring the rate of deposition of H2A.Z-H2B. The nucleosomal substrate contains only the Cy3-labeled DNA end, and Cy5 is
located on the free H2A.Z-H2B dimer (H2A.Z-C125-Cy5).

(B) Kinetic trace for the SWR1C-catalyzed deposition of the H2A.Z-H2B dimer to the intact H2A nucleosome. The biphasic trace was analyzed using a double-
exponential rate equation, yielding the ko for the fast and slow phases as 0.31 + 0.01 min~" (half-life = 2.2 min) and 0.04 + 0.01 min~"(half-life = 16.6 min),
respectively.

(C) Reactions as in (B), but the nucleosome contained 2-nt gaps at both SHL+2.0 and SHL—2.0.

(D) Same as in (B), but the reactions contained a nucleosome with a 2-nt gap at the linker-distal SHL+2.0. The monophasic trace was analyzed using a single-
exponential rate equation, yielding the ks as 0.04 + 0.01 min~"(half-life = 16 min).

(E) Reactions as in (B), but the nucleosome harbors a 2-nt gap at the linker-proximal SHL—2.0. The monophasic trace was analyzed using a single-exponential
rate equation, yielding the observed rate as 0.14 + 0.02 min~"(half-life = 5 min).

At least 3—4 kinetic traces were collected for each experimental condition, and they were averaged. The resultant kinetic traces were analyzed using an
exponential rate equation, and the error in the measurement represents the standard error of the parameter derived from non-linear regression analysis using the

Origin software package (OriginLab).

in nucleosomal DNA at either the linker-proximal (SHL—2.0) or
linker-distal (SHL+2.0) regions (Figures 3D, 3E, 5D, and 5E).
These substrates were used in dimer eviction or dimer deposi-
tion reactions performed under single-turnover conditions with
SWR1C, H2A.Z-H2B dimers, and ATP. Notably, the ATP-depen-
dent kinetic profiles for these gapped substrates were monopha-
sic, in sharp contrast to the mononucleosomes with intact nucle-
osomal DNA. For instance, when the 2-nt gap was located at
linker-distal SHL+2.0, only a slow phase (kons = 0.06 min~") of
FRET loss was observed in the dimer eviction assay, and the
change in FRET amplitude was small (Figure 3D). Likewise,
only a slow phase of H2A.Z deposition was observed in the
FRET deposition assay (Figure 5D). In contrast, when the gap
was located at the linker-proximal SHL—2.0, only a fast phase
(kobs = 0.12 min~") of FRET loss or deposition remained (Fig-
ure 3E and 5E). Furthermore, this fast phase was associated
with a much larger drop or gain in FRET amplitude (~70%)
compared with the slow phase, indicating that the fast phase re-
flects removal and replacement of the dimer closest to the distal,
Cy3-labeled DNA. Together, these results indicate that SWR1C
preferentially evicts and replaces the H2A-H2B dimer located
at the linker-distal half of the nucleosome, followed by a slower
reaction where the linker-proximal H2A-H2B dimer is replaced.
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The 601 nucleosome positioning sequence is inherently asym-
metric, containing a set of periodic TpA (TA) dinucleotide steps
that is more prevalent on one side of the dyad compared with
the opposite side. This asymmetry is known to affect the un-
wrapping properties of nucleosomal DNA as well as to regulate
the efficiency of nucleosome repositioning by the Chd1 remodel-
ing enzyme (Ngo et al., 2015; Winger and Bowman, 2017). One
possibility is that the asymmetry of the 601 sequence is respon-
sible for the biphasic kinetics of dimer exchange. In our sub-
strates, the TA-rich side of the 601 sequence, which stabilizes
DNA wrapped on the nucleosome, is positioned on the linker-
distal side of the nucleosome, where the first, rapid round of
dimer exchange occurs (77N0 substrate). We assembled a “flip-
ped” ON77 FRET substrate that places the TA-rich side of the
601 adjacent to the long linker. The rates of dimer exchange
were tested in parallel for both the 770N and 077N FRET sub-
strates, which harbor H2A-Cy5 and DNA labeled with Cy3 at
the distal DNA end. As shown in Figure 6A, the dimer exchange
reaction remained biphasic with both substrates, and the rate of
the first, rapid phase of the reaction was identical between
substrates. However, the second round of dimer exchange
was slower with the ON77 substrate. These results indicate
that the asymmetry in the 601 sequence does not affect the



55N78 H2A-Cy5 H3-Cy3

55bp Linker -

Figure 6. Nucleosome Determinants of
Asymmetric Dimer Exchange

(A) Normalized Cy5 FRET signal comparing the
SWR1C-dependent kinetics of H2A-Cy5 eviction
from nucleosomes with the linker on the TA-poor

H2A-Cys
. 78bp Linker

H3-Cy3

* o
H3-Cy3
H2A-Cy5

A 77N0-Cy3 H2A-Cy5 Cy3-0N78 H2A-Cy5 B
H2A-Cy5 H2A-Cy5
77bp Linker . 78bp Linker
A RS v —
Cy3
H2A-Cy5 H2A-Cy5
(—— 77NO-Nuc + SWR1C + ZB + ATP| 114
1.0 —— ON78-Nuc + SWR1C + ZB + ATP|

(—— 55N78-Nuc + SWR1C + ZB + ATP
—— 55N78-Nuc + SWR1C + ZB + AMP-PNP

(black) or TA-rich side (red) of the 601 nucleosome

55N78-Nuc + ATP

o
L

o
©
L

Linker side
TA-poor | TA-rich
Fast 1.0[ 1.0

[(Half-Life (min)

[ siow 8.7[

Normalized Cy5 Fluorescence
o o
~ 3
)

Normalized Cy5 Fluorescence
o
o

o
o
I

N

t1/2 fast = 0.6 min
t1/2 slow = 9.4 min

position sequence.

(B) Normalized Cy5 FRET signal showing biphasic
kinetics of H2A-H2B dimer eviction from center-
positioned 55N78 H3-Cy3 H2A-Cy5 nucleosomes
by SWR1C and the H2A.Z-H2B dimer upon addi-
tion of ATP (black) compared with the negative
controls of AMP-PNP (red) or nucleosome alone
plus ATP (green). The half-lives of the fast and slow

1000 1500 2000 0

Time (s)

0 500

overall asymmetry of the SWR1C-catalyzed dimer exchange re-
action, but the DNA sequence does have a significant effect on
the rate of the second round of dimer exchange.

Biphasic kinetics indicate that the two rounds of dimer ex-
change occur at different rates. One possibility is that the first
round of exchange is faster because linker DNA not only orients
the enzyme to initially attack the linker-distal dimer but that it also
stimulates the reaction. Alternatively, the second round of dimer
exchange may simply be an inherently slower reaction. To test
these possibilities, we reconstituted a centrally positioned,
257-bp nucleosome that harbors a Cy3/Cy5 FRET pair on the
histone H3 N-terminal and H2A C-terminal domains, respectively
(Figure 6B). If asymmetric linker DNA is responsible for biphasic
kinetics, then the centrally positioned nucleosome should show
a monophasic profile, whereas biphasic kinetics should still
be observed if the second round is inherently slow. Strikingly,
the centrally positioned nucleosome showed clear biphasic
kinetics of dimer eviction, with rates similar to those observed
for the end-positioned substrate (Figure 5B; t1/5 tast = 0.6 min,
t1/2 slow = 9.4 min). Thus, having a long linker DNA on one end
of a positioned nucleosome, as observed for the +1 nucleosome
at promoter regions, functions primarily to orient the enzyme so
that the linker-distal dimer is displaced first. The second round of
dimer exchange appears to be an inherently slower reaction,
perhaps because the H2A.Z/H2A heterotypic intermediate is a
poor substrate.

SWR1C-Nucleosome Interactions Couple ATPase
Activity to Dimer Eviction

Remodeling enzymes couple the energy of ATP hydrolysis to
translocation of DNA, and, in many cases, gaps at SHL2.0 block
remodeling activities (Figure 3 and 5; Ranjan et al., 2015). Previ-
ous studies have shown that the basal ATPase activity of SWR1C
is stimulated by both the nucleosomal substrate and the H2A.Z-
H2B co-substrate (Figure S5A; Luk et al., 2010). To probe the ef-
fect of intact nucleosomal DNA on the chemo-mechanical
coupling of SWR1C ATPase activity, steady-state ATPase as-
says were performed with a nucleosomal substrate that contains
2-nt gaps at both SHL+2.0 and SHL—2.0 (Figures S5B and S5C).

phase are 0.6 min and 9.4 min, respectively,
slightly faster than the rates of dimer eviction on
the asymmetric 55N0O nucleosome.

Traces were collected in triplicates, averaged, and
fit to a double-exponential decay model. The
y-intercept of each fit was normalized to 1.
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Strikingly, the gapped nucleosome was unable to stimulate the
ATPase activity of SWR1C (Figure S5B). Thus, the stimulation
of SWR1C ATPase activity by nucleosomes reflects efficient
coupling of ATP hydrolysis to productive interactions with
DNA. In sharp contrast, gaps in nucleosomal DNA did not
diminish the effect of H2AZ-H2B but led to a further, ~1.5x in-
crease in the steady-state rate (Figure S5B). Thus, on a gapped
nucleosome, the H2AZ-H2B dimers stimulate the rate of hydro-
lysis, reflecting apparent uncoupling of ATP hydrolysis from its
effects on nucleosomal DNA. The effect of the gap appears to
be similar to the ATPase cycle of AAA+ chaperones, which un-
dergo rapid hydrolysis of ATP upon encountering a very stable
substrate that is resistant to ATP-dependent unfolding (Sauer
and Baker, 2011).

DISCUSSION

SWR1C is unique among remodeling enzymes because it
cannot mobilize nucleosomes in cis, but, rather, it is dedi-
cated to the ATP-dependent replacement of nucleosomal
H2A with its variant, H2A.Z (Clapier et al., 2017). In contrast
to previous studies of ATP-dependent nucleosome sliding re-
actions, we found that the dimer exchange reaction is kineti-
cally slow, likely because the reaction has to transit multiple
activation or transition state barriers during the catalytic cycle
(Hammes, 2002). Furthermore, the coordination of several
different microscopic events associated with each round of
dimer exchange—DNA unwrapping, H2A-H2B eviction, and
H2A.Z-H2B deposition—is likely to yield a large number of ki-
netic intermediates. Here we probed for such steps using
several biophysical approaches, including the use of single-
turnover reaction conditions in which excess enzyme syn-
chronizes the system at the beginning of the reaction cycle
and it remains synchronous until the substrate completes
one reaction cycle.

Our transient kinetic investigation supports a complex reac-
tion pathway involving at least five distinct intermediates (Fig-
ure 7). In step 1, binding of SWR1C to an end-positioned, asym-
metric nucleosome yields a SWR1C-nucleosome complex that
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has an ~100-fold enhanced rate of DNA wrapping/unwrapping.
Nucleosome recognition also appears to anchor the Swr1
ATPase to nucleosomal DNA, enhancing the affinity for ATP
and coupling subsequent ATP hydrolysis to DNA manipulations.
In step 2, binding of ATP leads to additional enhancement of
nucleosome dynamics on the microsecond timescale that are
unique to an H2A nucleosomal substrate. In step 3, free
H2A.Z-H2B dimers act as a power stroke, promoting ATP hydro-
lysis and unwrapping of DNA at the nucleosomal edge. In step 4,
the preceding power stroke drives the initial eviction of the linker-
distal H2A-H2B dimer and replacement by H2A.Z-H2B in an
apparently concerted reaction. In step 5, the second, linker-
proximal dimer is sequentially replaced during the single-turn-
over reaction cycle with kinetics at least 6-fold slower than the
first replacement event. These slower kinetics may be due to
an inherent difficulty in remodeling the H2A/H2A.Z heterotypic
intermediate, a possibility that can be tested in the future by as-
sembly of oriented hexosomes, as described by Qiu et al. (2017).
Below, we discuss in greater detail the mechanistic implications
for this reaction series.

Conformational Fluctuations of the Nucleosome during
the Dimer Exchange Reaction

Macromolecules undergo spontaneous conformational fluctua-
tions, leading to ensembles of multiple, distinct conformations
(Henzler-Wildman and Kern, 2007). Notably, biophysical studies
have shown that such “wiggling and giggling” in proteins or
enzymes is indispensable for their function and that these dy-
namics often affect enzyme-substrate specificity and are kineti-
cally coupled with their catalytic turnover rate (Feynman and
Sands, 1963; Agarwal et al., 2002; Henzler-Wildman et al.,
2007). The nucleosome is known to undergo spontaneous
conformational fluctuations on the millisecond timescale, mani-
fested in the unwrapping and rewrapping of nucleosomal DNA
(Liand Widom 2004; Tims et al., 2011). Additional conformational
fluctuations are also likely to involve the entire nucleosome (Hen-
zler-Wildman and Kern, 2007), including the histone octamer,
and such dynamics are expected to influence remodeling
reactions.
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Figure 7. Kinetic Model of the SWR1C-Cata-
lyzed Histone Dimer Exchange Reaction

(1) The engagement of SWR1C to the H2A-nucle-
osome enhances the unwrapping and/or rewrap-
ping kinetics of the nucleosomal DNA on the
millisecond timescale. (2) Binding of ATP to the
SWR1C-engaged nucleosome further affects
its dynamics on the microsecond timescale. (3)
SWR1C and free H2A.Z-H2B dimers catalyze
translocation of nucleosomal DNA, leading to un-
wrapping of DNA from the linker-distal nucleo-
some edge. We propose that this is the power
stroke of the reaction. (4) Unwrapping of nucleo-
somal DNA leads to eviction and replacement of
the distal H2A-H2B dimer. (5) SWR1C remains
engaged with the H2A-H2A.Z heterotypic nucleo-
some and catalyzes the slower replacement of
the linker-proximal H2A-H2B dimer, utilizing the
H2A.Z-H2B-mediated second round of the power
stroke.
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We found that the binding of SWR1C to a canonical H2A
nucleosome is characterized by an ~100-fold increase in the
rate of nucleosome conformational fluctuations on the milli-
second timescale. Faster unwrapping and/or rewrapping ki-
netics of the nucleosomal DNA end are likely to facilitate the evic-
tion of H2A-H2B dimers because the dimers are tightly held
within the nucleosome via a strong electrostatic interaction
with the last 3 superhelical turns (SHL+3.5-6.5) of nucleosomal
DNA (Luger et al., 1997). Additionally, these conformational fluc-
tuations may also promote the generation of early intermediates
of the dimer exchange reaction by reducing the activation energy
barrier for approaching the transition state (Daniel et al., 2003;
Nashine et al., 2010). This viewpoint is strengthened by our
observation that ATP binding induces additional nucleosomal
fluctuations on the microsecond timescale, changes that are
not observed when SWR1C is bound to the remodeling product,
the H2A.Z nucleosome. Such a stark difference in the conforma-
tional fluctuations between an H2A and H2A.Z nucleosome
underscores the idea that kinetic coupling of nucleosomal
conformational fluctuations may be critical for progression of
the ATP-dependent dimer exchange reaction cycle (Eisen-
messer et al., 2002). Notably, a similar effect of ATP binding on
SWR1C-induced nucleosome fluctuations has recently been
described in a single-molecule FRET approach (Willhoft et al.,
2018). We also envision that ATP-dependent nucleosome
dynamics may facilitate the ability of SWR1C to search for an
appropriate conformation of nucleosomes to be funneled into
the catalytic cycle (Vendruscolo and Dobson 2006). Notably,
the catalytic efficiency of an enzyme is often linked with the ki-
netics of a conformational search of both the enzyme and its
cognate substrate (Benkovic and Hammes-Schiffer 2003).
Thus, in this view, the ATP-bound SWR1C-H2A.Z-nucleosome
complex may be kinetically trapped at the beginning of the cat-
alytic cycle.

Nucleosome Recognition by INO80C and SWR1C

Recently, studies have reported cryoelectron microscopy (cryo-
EM) reconstructions of the yeast and human INO80C remodeling
enzymes bound to an end-positioned nucleosome (Eustermann



et al., 2018; Ayala et al., 2018), as well as a cryo-EM structure of
nucleosome-bound SWR1C (Willhoft et al., 2018). INO80C is
highly related to SWR1C, having a similar subunit module orga-
nization and sharing several subunits, such as the Rvb1/Rvb2
heterohexomeric ring assembly (Watanabe et al., 2015).
Remarkably, INO80C and SWR1C use similar but distinct strate-
gies to engage an end-positioned nucleosome (one side con-
tains a long DNA linker). First, both enzymes bind the nucleo-
some within a large cleft between two lobes; one lobe contains
the ATPase domain, and the second lobe contains a group of
key subunits. In the case of INO80C, the two lobes interact along
nearly an entire gyre of nucleosomal DNA on the linker-proximal
side of the nucleosome, with the ATPase lobes of the Ino80 sub-
unit making tight contact with DNA at the linker-proximal SHL-6
region and the les2/les6/Arp5 subunit module interacting with
DNA at SHL-2 (Eustermann et al., 2018). These interactions po-
sition INO8OC to initiate DNA translocation from the nucleosomal
edge proximal to the long linker, pulling the linker DNA into the
nucleosome, toward the subunit module bound at SHL-2.0,
eventually leading to re-positioning of the nucleosome toward
the center of the DNA fragment.

Strikingly, SWR1C has a similar interaction with the nucleo-
some, but, in this case, the two large lobes interact with the
opposite gyre of nucleosomal DNA, and their orientation is
switched; the Swr1 ATPase lobes interact with SHL+2.0, and
the Swc2/Arp6/Swc6/Swec3 module interacts with SHL+6.0
(Willhoft et al., 2018). This orientation positions SWR1C so that
translocation occurs from the more canonical SHL2 position,
pulling DNA toward the nucleosomal dyad from the linker-distal
DNA end. These interactions are fully consistent with prior hy-
droxyl radical footprinting studies for both INO80C and
SWR1C (Brahma et al., 2017; Ranjan et al., 2015). Both enzymes
also interact with the exposed long DNA linker, and for INO80C,
this appears to be due to an Actin-Arp subunit module (Act1/
Arp4/Arp8 for INO8OC). Interactions with linker DNA may help
to recruit or orient SWR1C, or such contacts may prevent prop-
agation of the DNA translocation event so that nucleosome po-
sitions are unchanged (Clapier et al., 2017).

Remarkably, binding of INO80C to the nucleosome releases
~15 bp of DNA from the histone octamer surface where the
ATPase lobes interact at SHL-6 (Eustermann et al., 2018; Ayala
et al., 2018). Likewise, cryo-EM analysis of the SWR1C-nucleo-
some complex indicates that nucleosome binding by SWR1C
disrupts histone-DNA contacts at the linker-distal nucleosome
edge (SHL+6), with two subunits (Swc6 and Arp6) serving as a
wedge that may help to displace DNA from the octamer surface
(Willhoft et al., 2018). Importantly, this SWR1C-nucleosome
complex was formed in the presence of both H2A.Z-H2B dimers
and ADP-BeF3, a putative ground-state nucleotide analog; thus,
the structure may reflect a “snapshot” of the transient, unwrap-
ped state we measured in ensemble FRET time courses.

Does DNA Translocation Promote Histone
Replacement?

In the SWI2-SNF2 ATPase, DNA-stimulated ATPase activity
has been attributed to a DNA-mediated rearrangement of the
ATPase lobes that orients catalytic residues for ATP hydrolysis
(Durr et al., 2005). Likewise, recent cryo-EM structures of

Chd1-nucleosome and SWR1C-nucleosome complexes show
that the two ATPase lobes of the remodeler undergo a well-pro-
nounced structural change in the presence of a ADP-BeF; (Far-
nung et al., 2017; Willhoft et al., 2018), inducing close interac-
tions with the nucleosome at the SHL2 region. For SWR1C,
binding of ADP-BeF; appears to be sufficient for translocation
of 1 bp of DNA toward the nucleosomal dyad (Willhoft et al.,
2018). Interestingly, recent studies with the Chd1 remodeler
also suggest that closure of the ATPase lobes is sufficient to
induce a 1-bp translocation step (Winger et al., 2018). Consis-
tent with this view, our studies demonstrate that the stimulation
of ATP hydrolysis is eliminated by a 2-nt gap at SHL2, indicating
that tracking of nucleosomal DNA is fine-tuned with the kinetic
events of the ATPase cycle. Thus, intact nucleosomal DNA is
likely to provide a macro-molecular context essential for opti-
mum closure of the ATPase lobes upon ATP binding (Durr
et al., 2005; Farnung et al., 2017). Based on our FCS-FRET
studies and recently published single molecule FRET (smFRET)
results, this ATP-bound form of the SWR1C-nucleosome
complex also shows enhanced dynamics of DNA-histone inter-
actions at the nucleosomal edge. For SWR1C, only single-
stranded DNA (ssDNA) gaps within the binding site at SHL2
block dimer exchange (+17 bp to +23 bp from the nucleosomal
dyad) (Ranjan et al., 2015), suggesting that SWR1C may only
need to translocate a few base pairs. We envision that such
limited DNA translocation may destabilize DNA between
SHL2 and the nucleosome edge at SHL6, facilitating exposure
of the H2A-H2B surface for DNA unwrapping by the Swc6/Arp6
wedge (Willhoft et al., 2018). In this model, our ensemble FRET
assay measures the combined effects of DNA translocation and
DNA unwrapping, resulting in transient loss of FRET concurrent
with initial dimer eviction. Such a rapid but limited amount of
DNA translocation may not only weaken histone-DNA contacts
but also lead to allosteric changes in the histone octamer that
destabilize the H2A-H2B and H3/H4 interface (Sinha et al.,
2017).

SWR1C Catalyzes an Asymmetric Dimer Exchange
Reaction

Previous gel-based assays for H2A.Z deposition demonstrated
that the dimer exchange reaction is a sequential (Luk et al.,
2010), stepwise process when assayed under steady-state
assay conditions. We were surprised, however, to find that our
single-turnover exchange reactions were clearly biphasic, with
the first phase occurring at a rate about ~6-fold faster than the
second phase. Furthermore, 2-nt DNA gaps at either SHL+2.0
or SHL—2.0 produced monophasic kinetic profiles that main-
tained either the fast or slow rates observed with intact nucleo-
somes. These data suggest the intriguing possibility that
SWR1C catalyzes two sequential rounds of dimer exchange
without a requisite dissociation from the nucleosome substrate.
Furthermore, the slower rate of the second phase suggests that
the second round of dimer exchange has a different rate-limiting
step or an altered reaction pathway.

How might SWR1C accomplish this feat? We envision that,
following exchange of the first H2A-H2B dimer, SWR1C must
re-orient its ATPase lobes to the opposite DNA gyre so that it
can initiate a DNA translocation event that unwraps the long
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linker DNA end, promoting eviction of the linker-proximal dimer.
Importantly, re-orientation of the lobes would not require disso-
ciation of the entire enzyme from the nucleosome. Intriguingly, a
recent study has suggested that the Chd1 remodeling enzyme
may re-orient its ATPase lobes back and forth between SHL2
and SHL6 during ATP-dependent nucleosome mobilization
(Qiu et al., 2017). However, it seems unlikely that the SWR1C
ATPase re-orients to SHL6 for the second round of dimer
exchange because a gap at SHL2 blocks this second exchange
reaction. More likely, there may be a more dramatic re-organiza-
tion of the SWR1C ATPase lobes so that they engage SHL2 on
the opposite DNA gyre. In this model, binding of the Actin-Arp
module to the long linker DNA might stabilize the enzyme-nucle-
osome complex (Brahma et al., 2017; Eustermann et al., 2018;
Ayala et al., 2018). Flexibility of the remodeler ATPase lobes for
multiple, alternative interactions with nucleosomal DNA may be
a hallmark of these enzymes.

From yeast to mammals, H2A.Z deposition appears to be tar-
geted to the nucleosome adjacent to the start site for transcrip-
tion by RNA polymerase Il (Albert et al., 2007; Barski et al.,
2007). Often termed the +1 nucleosome, it is inherently asym-
metric, with one side flanked by an NDR of 140-250 bp and
the other side by the +2 nucleosome, which can be separated
from the +1 by less than 20 bp of linker DNA (Jiang and Pugh
2009). In yeast, targeting of SWR1C to the +1 nucleosome relies
on protein-DNA interactions between SWR1C and the NDR re-
gion (Ranjan et al., 2013), whereas the related vertebrate
enzymes, SRCAP and p400/Tip60, are believed to be recruited
to promoter-proximal regions by gene-specific regulators
(Pradhan et al., 2016). Our in vitro nucleosome substrate
mimics the asymmetry of the +1 nucleosome because it is
flanked by a 55- to 77-bp linker. Previous DNA footprinting
studies have shown that interactions between SWR1C and
the long linker DNA appear to orient the ATPase lobes of the
Swr1 catalytic subunit to interact with linker-distal SHL+2.0
(Ranjan et al., 2015), and we found that this leads to the prefer-
ential eviction of the linker-distal H2A-H2B dimer in the initial,
fast phase of the biphasic exchange reaction (Figure 3B). We
note that a recent study did not observe such preferential ex-
change of the distal dimer, likely because of the fact that their
nucleosomal substrate had relatively long linkers on both sides
of the nucleosome (Willhoft et al., 2018).

Recent high-resolution ChIP-exo analyses of nucleosome
asymmetry in yeast are fully consistent with asymmetric dimer
exchange (Rhee et al., 2014). At the +1 nucleosome, the pro-
moter-distal half of the nucleosome is highly enriched for
H2A.Z, whereas the promoter-proximal side is enriched for
H2A. Interestingly, the promoter-proximal side is also enriched
for ubiquitinylated H2B (H2B-ub), a mark associated with active
transcription (Rhee et al., 2014; Zhang 2003). One interesting
possibility is that H2B-ub might enhance the intrinsic kinetic
delay of the second round of dimer exchange, ensuring that
the +1 nucleosome remains asymmetric with respect to H2A.Z
deposition. In addition, our studies suggest that DNA sequence
may also affect the rate of the second round of dimer exchange
and, thus, that asymmetric DNA sequences at promoter-prox-
imal nucleosomes may also enhance the accumulation of H2A/
H2A.Z heterotypic nucleosomes.
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What might be the functional significance of dimer exchange
asymmetry? We consider two possibilities that would be
consistent with the known role of H2A.Z in promoting rapid in-
duction of transcription from a poised promoter (Guillemette
et al., 2005). First, there may be unique biochemical properties
for a heterotypic H2A.Z/H2A nucleosome, especially when the
H2A-H2B dimer contains a mono-ubiquitin mark. H2B-ub can
disrupt nucleosome-nucleosome interactions in vitro (Fierz
et al., 2011), and together with H2A.Z, this combination may
favor subsequent nucleosome disruption during transcription
initiation. Alternatively, the kinetic lag between the first and
second rounds of dimer exchange may lead to an accumulation
of a remodeling intermediate where SWR1C enhances
the wrapping/unwrapping dynamics of nucleosomal DNA on
the NDR-proximal side. In yeast, the NDR proximal side of the
nucleosome often contains the site of transcription initiation
(Jiang and Pugh 2009), and, thus, a mechanism that specifically
enhances accessibility to this face of the nucleosome would be
particularly advantageous.
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