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The yeast SWR1 complex catalyses the exchange of histone H2A-H2B dimers in
nucleosomes, with Htz1-H2B dimers!' >, Here we used single-molecule analysis to
demonstrate two-step double exchange of the two H2A-H2B dimersin a canonical
yeast nucleosome with Htz1-H2B dimers, and showed that double exchange can

be processive without release of the nucleosome from the SWR1 complex. Further
analysis showed that bound nucleosomes flip between two states, with each
presenting adifferent face, and hence histone dimer, to SWR1. The bound dwell time
islonger when an H2A-H2B dimer is presented for exchange than when presented
with an Htz1-H2B dimer. A hexasome intermediate in the reactionis bound to the
SWR1complexinasingle orientation with the ‘empty’ site presented for dimer
insertion. Cryo-electron microscopy analysis revealed different populations of
complexes showing nucleosomes caught ‘flipping’ between different conformations
withoutrelease, each placing a different dimer into position for exchange, with the
Swc2 subunit having akey role in this process. Together, the datareveal a processive
mechanism for double dimer exchange that explains how SWR1 can ‘proofread’ the
dimer identities within nucleosomes.

A canonical nucleosome contains two copies each of the four histones
H2A, H2B, H3 and H4 around which approximately 147 bp of DNA are
wrapped*. However, additional variants have been discovered for each
of these histones and, when present, that have special roles in cells,
such as at centromeres, and in processes including transcription and
DNA repair®. Most of these variants are laid down into chromatin during
replication, but an exception in yeast is the H2A histone variant Htzl
(H2A.Z in higher eukaryotes). Htzl is specifically incorporated into
nucleosomes by the SWR1 complex' . In humans, there are two large
multi-subunit complexes that incorporate H2A.Z into nucleosomes,
SRCAP®and TIP60 (ref.7), the latter complex also being able to acetylate
histones, as well as other proteins, as a part of DNA damage signalling’.
Inaddition to being signals of DNA damage, nucleosomes that contain
Htz1 (or H2A.Z) also have arole in transcriptional regulation®.
SWR1isal4-subunit complex thatisamember of theINO8O remodeller
family®. Cryo-electron microscopy (cryo-EM) structures of INO8O and
SWRI1complexes bound to nucleosomes have been reported® 2. Despite
significant similarity between the complexes in terms of subunits and
sequence homology, the two complexes engage with nucleosomes in
avery different manner®. The ATPase domains of the INO8O subunit
engage at superhelical location 6 (SHL6), whereas those of SWR1 are
located at SHL2. Both complexes unwrap significant sections of DNA from
the nucleosome, but this is stabilized by the motor domains of INOS8O
(refs.10,11) and the Arp6-Swcé6 subunits in SWRI1 (ref. 12). These differ-
ences may relate to the differing activities of the two complexes because
SWR1, unlike INOS8O, lacks the ability to slide nucleosomes™, although

ATP-dependent DNA translocation within the context of the nucleosome
wrapisrequired foractivity™. Instead, SWR1 catalyses the ATP-dependent
exchange of H2A-H2B dimers with those comprising Htz1-H2B' >, The
exchange takes place in a stepwise manner with both dimers being
exchanged®. For canonical nucleosomes, SWR1 shows specificity
for exchange of H2A-H2B dimers with Htz1-H2B and will not catalyse
the reverse exchange under any conditions so far identified™>'*. How
this remarkable specificity is achieved is unknown, although sequence
differences between the a2 helix of H2A and Htz1 probably contribute
to this'. Acetylation of K56 on H3 in nucleosomes appears to reduce
the specificity of histone exchange by interfering with Swc2 function”.

Single-molecule studies have begunto reveal aspects of the complex
process of histone exchange. In the initial complex, when nucleosomes
first bind to SWR1, the DNA wrap becomes dynamic with small, but
rapid, unwrapping eventsin addition to the significant unwrapping by
Arp6-Swcé subunits'>. However, to progress towards dimer exchange,
alarger unwrapping occurs®2°, presumably to fully expose the dimer,
although the nature and full extent of this unwrapping remain unclear,
as well as which subunits contribute to this process. It is also unclear
whether dimer exchange is a processive process, with both dimers
exchanged in a nucleosome after a single SWR1-binding event, or is
distributive with nucleosome release between dimer exchanges'>'$%°,
If histone exchange is processive, this would suggest a higher pro-
pensity for double-exchanged dimer nucleosomes than for single
exchanges, although the significance of double-exchanged versus
single-exchanged nucleosomes is also unknown.
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Fig.1|Double-exchange events canbe observed by smFRET. a, Schematic of
the assay. Nucleosomes (113N2.AF488) labelled with AF488 (blue) on the short
2-bpoverhangare surfaceimmobilized on a PEGylated microscopesslide. SWR1,
ATP and AF555-Htz1-H2B dimers (green) are flowed in to start the exchange
reaction. Histone exchangeis detected asaFRET increase between AF488

and AF555. b, Intensity trajectory (top) and corresponding FRET trajectory
(bottom) for asingle nucleosome showing a stepwise gainin FRET signal
following each dimer exchange. ¢, Idealized FRET histogram of the first-
exchange event shows two approximately equal populations of approximately
0.4 and approximately 0.6 FRET corresponding to either dye-distal or dye-
proximal exchange. d, Dwell time distribution between the first and second
exchangesyields asecond-exchangetime7,=246 +25s.Reported errorsare
theerror of the fit.

Single-molecule histone exchange by SWR1

We have previously developed afluorescence resonance energy trans-
fer (FRET)-based assay to monitor histone exchange by SWR1in bulk
phase by monitoring loss of FRET when labelled H2A-H2B dimers are
exchanged for unlabelled Htz1-H2B dimers'. We have adapted this
methodology for single-molecule analysis by changing the dimer label-
ling so that a gain of FRET was observed when an unlabelled H2A-H2B
dimerisexchanged foralabelled Htz1-H2B dimer (Fig. 1a). This makes
interpretation of the data less ambiguous, because in aloss of FRET
assay, it can be hard to distinguish between histone exchange and dye
photobleaching®. This assay allows us to monitor two histone dimer
exchanges on surface-immobilized nucleosomes as consecutive step
increasesin FRET (Fig.1b and Extended Data Fig.1). A histogram of the
average FRET value between the first and second exchange reveals two
possible intermediate states atapproximately 0.6 and approximately 0.4
FRET (Fig.1c), which corresponds to donor-proximal and donor-distal
exchange, respectively. Control experiments in the presence of
non-hydrolysable ATPyS analogue revealed no exchange (Extended
DataFig.1). Adwell time analysis of the intermediate state (Fig. 1d) shows
that the time between the first and the second exchangeis7,=246 + 25,
whichisindependent of the initial exchange (proximal or distal) and con-
sistent with slow histone exchange observed in other single-molecule
studies™" and in ensemble-averaged measurements>">¢,

Double exchange can be processive

The lifetime of SWR1-nucleosome complexes has been shown to be
long (several tens of minutes'®), although is reduced in the presence
of ATP'®", We have also determined lifetimes of SWR1-nucleosome
complexes to be on the order of tens of minutes (Extended Data
Fig. 2). Such long lifetimes, longer than that required for a single
histone exchange (2-3 min (refs. 18,19)), raise the possibility of a
processive mechanism for double histone exchange, as hinted at pre-
viously”. However, structural studies' have strongly suggested that
dimer exchange takes place in the position facing the enzyme complex,
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which has the DNA wrap partially unwound by the Arp6-Swcé6 subunits.
For double dimer exchange to be processive, different mechanisms
for exchange would need to occur for each dimer, or a mechanism
mustexist torotate thebound nucleosomeinsitu. Analternative, and
seemingly more plausible, possibility is a distributive mechanism that
allows the singly exchanged nucleosome to dissociate and then rebind
to SWR1with the appropriate face oriented for dimer exchange. How-
ever, itisimportant to note that any processive enzyme reactions that
are observed need to be explained by a different mechanism.

To evaluate these alternatives directly, we expanded our single-
molecule FRET (smFRET) assay to three colours with an additional dye
(Atto647N) on SWRI1 (see Methods) to colocalize enzyme binding and
dissociation dynamics (Fig. 2a). The labelled SWR1did not affect enzyme
activity in bulk (Extended Data Fig. 2). Using alternating laser excitation,
we canselectively follow histone exchange as stepwise FRET increases,
while monitoring SWR1binding by fluorescenceintensity. The resulting
single-molecule trajectories showed molecules that undergo single (43%;
Fig.2b) and double (57%; Fig. 2d) exchanges duringa SWRI1-binding event.
Inthese trajectories, SWR1binding precedes the first histone exchange
by 36 + 2 s (Fig. 2c), whereas the second exchange is approximately six-
fold slower, taking 227 + 11 s (Fig. 2e), consistent with the value measured
in Fig. 1d. Ultimately, SWR1 dissociates or photobleaches (Fig. 2b,d).

These data demonstrate that SWR1 can exchange two histone dimers
inasingle-binding event, strongly supporting a processive exchange
mechanism. A small fraction (approximately 10%) of distributive
exchangesis observed, but thisis expected for processive enzymes, as
all processive enzymes are expected to exhibit afraction of distributive
events depending on experimental conditions. In some trajectories,
we cannot observe the presence of SWR1, probably due to Atto647N
photobleaching or incomplete labelling (Extended Data Fig. 3).

Nucleosomes flip between two bound states

Having recapitulated and monitored the complete double-exchange
reaction at the single-molecule level, and established that this can be
processive, we then sought to delve more deeply into the different steps
ofthe reaction pathway. We set out to answer two questions: first, how
SWR1 determines which dimer to exchange so that H2A-H2B dimers
are always replaced with Htz1-H2B dimers and never the reverse; and
second, how consecutive exchange reactions are carried out proces-
sively without release of the nucleosome.

To answer the first question, we labelled the nucleosome (on the
short DNA overhang) with a FRET donor and SWR1 complex with
a FRET acceptor (Fig. 3a) to monitor nucleosome dynamics when
bound to the complex. The resulting single-molecule FRET trajec-
tories revealed two conformations for bound nucleosomes with
different FRET efficiencies (approximately 0.1 and approximately
0.4; Fig. 3b and Extended Data Fig. 4a-d). The cryo-EM structure of
the SWR1-nucleosome complex' was used to evaluate the nature
of the complexes, and the simplest interpretation is that binding of
the nucleosome is in two pseudo-symmetric conformations, with
each conformation presenting a different dimer to the surface of the
SWRI1 complex (Fig. 3a). These two bound states place the two dyes
either close or further apart, termed dye-proximal and dye-distal
conformations, respectively. Most molecules (68%; n = 154) showed
that nucleosomes can flip between the distal and proximal states,
although a small proportion remained in either the distal (10%) or
proximal (22%) states (Fig. 3b). To rule out the possibility that the
observed dynamic FRET stems from movement of DNA, we relocated
the donor to H2A (Extended Data Fig. 4e-g), and observed similar
dynamic FRET transitions that showed the same slight preference for
the dye-proximal dimer. Alternative explanations for flipping, such
as DNA unwrapping or SWR1diffusing along the DNA overhang, were
ruled out because unwrapping?and diffusion* require ATP binding,
whereas flipping is not dependent on ATP.
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Fig.2|SWR1processively exchanges H2A-H2B for Htz1-H2B. a, Three-
colour smFRET assay with surface-immobilized AF488-nucleosome (blue),
AF555-Htz1-H2B dimers (green) and SWR1(647N) (red). SWR1binding is
monitored by red fluorescence; histone exchangeis detected asa FRET
increase between AF488 and AF555. b, Example trace showing SWR1binding
(red; top) followed by asingle-exchange event (bottom) after the exchange
time (7). Asterisk indicates photobleaching or dissociation. ¢, Dwell time
distribution between SWR1binding and the first exchange (for both single
and double exchanges) yieldsat,;=36 +2s.d, Example trace showing SWR1
binding (red; top) followed by two processive exchange events (bottom) witha
second-exchange time (7). Asterisk indicates photobleaching or dissociation.
e, Dwelltime distributionbetween the firstand second exchangesyields a
second-exchangetime 7, =227 +11s.Reported errors are the error of the fit.

Atime-binned FRET histogram of all the trajectories (Fig. 3c) showed
that each state is sampled with approximately equal probability with
aslight preference for the dye-proximal state. A dwell time analysis of
the dynamic molecules showed that the nucleosome flips with approxi-
mately equal average time (3-4 s; Fig. 3d) from either the proximal
or the distal face of the nucleosome. This observation is consistent
with previous data from our group (and that in Fig. 1) that show an
approximately equal propensity for exchange of each of the dimersin
ayeast nucleosome in the first step'®. The dwell time analysis further
revealed biphasic exponential kinetics with a slow (4-5s) and a fast
(0.6-0.8 s) population, indicating the presence of flipping interme-
diates that cannot be distinguished by FRET alone (Extended Data
Fig. 4b). A possible explanation for the biphasic kinetics is that SWR1
engages the nucleosome in either a more (slow) or less (fast) stable
conformation. The corrected exponential amplitudes showed that
the molecules spend approximately 80% of the time in the slow (more
engaged) configuration.

SWR1senses heterotypic nucleosome dimer

Although each dimerina canonical yeast nucleosome containing two
H2A-H2B dimers has, in principle, anequal likelihood to be exchanged,
the second-exchange reaction is exclusively of the remaining

H2A-containing dimer®. Furthermore, a nucleosome in which both
H2A-H2B dimers have been exchanged for Htz1-H2B cannot undergo
SWRI-catalysed replacement by Htzl, and even futile cycling, in which
one Htz1-H2B dimer is exchanged for another, does not seem to occur®.
These observationsindicate that the SWR1 complex hasamechanism
to distinguish between Htzl and H2A within a nucleosome.

Having determined that the bound nucleosome flips between con-
formations and that each presents a different nucleosome face, and
hence dimer, to the SWR1 complex, we then sought to test whether
this mechanism allowed SWR1 to probe the identity of the dimer with
which it was presented. We prepared nucleosomes with a single copy
each of H2A and Htz1 (Fig. 4a) and then repeated the experiments
described above to monitor the flipping process. The data show that
these ‘heterotypic’ nucleosomes bind to SWR1in a similar manner to
the canonical nucleosomes and are able to flip between both distal and
proximal orientations (Fig.4b and Extended Data Fig. 4h). However, in
contrast to canonical nucleosomes, the static trajectories were almost
exclusively in the proximal orientation that presents the H2A-H2B
dimer to SWR1 (Fig. 4b). Furthermore, dwell time analysis for each
orientation revealed clear kinetic differences between the two states
(Fig. 4d and Extended Data Fig. 4i). The side containing the H2A-H2B
dimer exhibits almost identical kinetics to the canonical nucleosome
(complare with Fig.3d). By contrast, the side containing the Htz1-H2B
dimer exhibits only asingle fast exponential decay (0.63 + 0.02's), com-
parable with the fast component of the canonical dimer face. This is
alsoreflectedinthe time-binned FRET histogram (Fig. 4c), which shows
aclear preference for the proximal (H2A-H2B) face.

Toruleout the possibility that the observed kinetic differences stem
fromthe asymmetric DNA overhangs, we prepared heterotypic nucle-
osomes with swapped DNA overhangs (Extended DataFig. 4k—n). The
data show that the observed biased flipping kinetics is maintained,
confirming that the SWR1selection against the Htz1-H2B side is based
on histone content rather than on DNA overhang. These data show that
SWRIlisable to distinguishbetween H2A and Htzl within the context of
the nucleosome, discriminating against Htz1 by rapidly flipping back to
the canonical side. We thus propose that a form of kinetic proofread-
ing?>® places the appropriate face of the nucleosome into the position
proficient for dimer removal and exchange, thus contributing to the
exquisite selectivity of the enzyme for replacing H2A with Htzl and
not thereverse. However, theratio of the two dwell times (Fig. 4d) only
givesaselectivity of sixfold, whichisless than the apparent selectivity
reported for SWRI (refs. 15,16), so although this kinetic proofreading
contributes significantly to specificity, additional steps (such as the
multiple ATP hydrolysis events during dimer exchange or selective
binding of Htz1-H2B versus H2A-H2B dimers for insertion) probably
increase this selectivity further.

The hexasome vacant site hinders flipping

A necessary intermediate in the histone dimer exchange reaction
is a hexasome intermediate in which one H2A-H2B dimer has been
removed but has not yet been replaced with an Htz1-H2B dimer. We
next prepared hexasomes labelled in the same way as nucleosomes
(Fig.4e and Extended Data Fig. 5) to determine whether there was any
effect on the kinetics and distribution of binding orientations. The
single-molecule trajectories exhibit an almost complete loss of the
proximal orientation with almost all hexasomes bound in the distal
orientation, with the fraction of molecules flipping between the distal
and the proximal sites decreasing to 14% (Fig. 4f). The distal orienta-
tion places the ‘empty dimer’ site against the SWR1 complex surface
ready for insertion by an incoming Htz1-H2B dimer, consistent with
structural datasuggesting that thisis the face of the nucleosome that
undergoes histone exchange®. Although we did observe occasional
flipping into the proximal conformation, this state is very short lived
andreverts quickly to the distal configuration. A time-binned histogram
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Fig.3|SWRI1flips betweeneachface ofanucleosome.a, Schematic of the
assay. Nucleosomes (113N2.Cy3) labelled with Cy3 on the short 2-bp overhang
aresurfaceimmobilized on a PEGylated microscopeslide. SWR1, labelled with
Atto647N onthe N terminus of the Arp6 subunit (SWR1(647N)) is flowed in
and allowed tobind to the nucleosome. Interactions between the nucleosome
and SWR1(647N) are monitored viasmFRET between the donor (green

circle) and acceptor (red circle). b, Examples of typical smFRET (grey) and
idealized (black) traces. Some molecules display astatic FRET of either 0.4 or
0.1, whereas other molecules dynamically flip between these two FRET states.

of all trajectories confirms that the proximal orientation becomes
almost undetectable (Fig. 4g). These results are consistent with SWR1
placing the nucleosome empty site in position ready to accept the
incoming Htz1-H2B dimer. This change in the flipping dynamics sug-
gests anactive stabilization of the hexasome intermediate, produced
on-enzyme, retaining the orientation that places the empty site in
position to accept the incoming dimer. Indeed, our recent cryo-EM
structure of the hexasome-bound SWR1 complex demonstrates that
Swcs hasarole in complex stabilization®.

Structural basis for nucleosome flipping

To gain a better understanding of the flipping mechanism, we used
cryo-EM analysis to examine different states of SWR1complexed with
nucleosomes. Our previous cryo-EM structures have shown one major
state for the complex but also revealed several minor states, the func-
tion of which was not evident at that time'?. However, in light of the
new single-molecule dataabove, we re-examined these less-populated
structural statesin an expanded dataset to see whether these provided
information about how nucleosomes might flip between different
conformations. Further analysis and processing focused on these
minor classes, revealing additional details (Extended Data Fig. 6).
Two classes were of particular interest and resulted in structures at
3.8 Aand 4.7 A, respectively (Fig. 5, Extended Data Table 1, Extended
Data Figs. 6 and 7 and Supplementary Videos 1and 2). One of these
classes (described briefly in our previous work'?) was very similar to
the major structure, but alonger section of overhang DNA is evident
thatemanates from the lower gyre of the nucleosome and binds across
the surface of SWR1 (configuration I; Fig. 5a,b and Supplementary
Video1). The DNA extending from the upper gyre is unwrapped from
the nucleosome and binds to Arp6-Swcé in the same manner as that
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c,Idealized FRET histogram shows two major populations of SWR1(647N)
boundtoanucleosome: alow-FRET (0.1) population corresponding to
SWR1(647N) bound to the dye-distal side of the nucleosome, and amid-FRET
(approximately 0.4) population corresponding to SWR1(647N) bound to the
dye-proximal side of the nucleosome. d, Dwell time plots for the distal-to-
proximal (left) and proximal-to-distal (right) transition. The average dwell
times (7,,.) for SWR1bound in the distal and proximal orientations are
approximately equal. Reported errors are the error of the fit.

described for the main structure®. The second structure (configuration
II; Fig. 5¢c,d and Supplementary Video 2) also showed a longer section
of DNA overhang bound to SWR1, but this time, it was the DNA that
extended from the upper gyre, which is released from Arp6-Swcé,
that now binds across the same surface of SWR1 as the DNA from the
lower gyre in configuration I. The DNA overhang from the lower gyre
isreleased in this structure. Thus, the same DNA-binding surface on
SWRI1 binds different overhangs in each structure (Extended Data
Figs.7 and 8).

The improved resolution, combined with the availability of an
AlphaFold model for Swc2 (ref. 25) allows us to assign, locate and
build regions of the Swc2 subunit that we were previously unable to
assign confidently. Swc2 has an essential role in SWR1-mediated his-
tone exchange'>?. The N-terminal region of Swc2 binds to Htz1-H2B
dimers®*?; however, we are still unable to assign that part of Swc2 in
our structure. The central portion of yeast Swc2 (residues 136-345)
is a DNA-binding module that probably localizes the SWR1 complex
towards the nucleosome-depleted region®® (Extended Data Fig. 8a).
We can confidently build a portion of this DNA-binding region (resi-
dues195-329) into the density (Extended Data Fig. 8b). Our structure
indicatesthat there are three contacts between this region of Swc2 and
the DNA (Extended Data Fig. 8b). Several positively charged residuesin
theseregions are conserved across Swc2 subunits from different spe-
cies (Extended Data Fig. 9a), consistent with arole in interacting with
DNA. Two of these contact regions have been previously observed?,
although specificresidue contacts could not be unambiguously deter-
mined. The AlphaFold model of Swc2 now allows us to better define
these regions, which both contact the DNA wrap of the nucleosome
(Extended Data Fig. 8b). A third contact region, involving eight con-
served basic residues (K319-K322, R325,K326, K328 and K329), are in
aloopthatsitsacross the surface of the SWR1 complex (Extended Data
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Fig.4|Histone compositionregulates SWR1flippingkinetics. a, Cy3-labelled
surface-immobilized heterotypic nucleosomes (113N2.Cy3) containing Htzl-
H2B (green) and canonical H2A-H2B dimers (orange). SWR1(647N) is flowed in
and nucleosome binding is monitored viasmFRET between the donor (green
circle) and acceptor (red circle). b, Characteristic smFRET (grey) and idealized
(black) trajectories. Some molecules (37%; ., = 118) display static 0.4 FRET,
whereasothers (59%) flip dynamically between 0.4 and 0.1 FRET. ¢, Idealized
FRET histogram showing two populations corresponding to SWR1(647N)
bound tothedye-distal Htz1-H2B (0.1 FRET) or to the dye-proximal H2A-H2B
(approximately 0.4 FRET). The dashed line indicates the canonical nucleosome
distribution from Fig. 3c. A small (0.04) shift of the low-FRET population may
indicate altered binding to the Htzlside. d, Dwell time plots for the distal-to-
proximal (left) and proximal-to-distal (right) transition for a heterotypic

Figs.8and9). This surface contacts the DNA overhang adjacent to the
nucleosome wrap (Extended Data Fig. 8), but a different overhang in
structures emanating from either the lower (configuration I) or the
upper (configuration Il) DNA gyre.

These two states suggest a simple mechanism to allow flipping
of nucleosome orientations between the proximal and distal states
(Fig. 5g). By swapping which DNA overhang is bound to SWR1, and then
releasing the nucleosome but without releasing the DNA overhang, the
nucleosome canflip and rebind in the opposite orientation but remain

nucleosome. Average dwell time (z,,.) on the Htz1-H2B side (distal) is shorter
thanthe H2A-H2B side (proximal). e, Surface-immobilized hexasomes (113H2.
Cy3) lacking the dye-distal H2A-H2B dimer (dashed orange line). SWR1(647N)
isflowed in and hexasome bindingis monitored viasmFRET. f, Characteristic
smFRET (grey) and idealized (black) trajectories. Molecules display alow (0.1)
FRET. Asmall number of molecules show infrequent transitions from 0.1to
0.4FRET. g, Idealized FRET histogram showing one major population of
SWR1(647N) bound to ahexasome. Only the low-FRET (0.1) population
corresponding to SWR1(647N) bound to the vacant (dye-distal) side of the
hexasomeis present. The dashedlineindicates the canonical nucleosome
distribution from Fig. 3c. Asmall (0.03) shift of the low-FRET population may
indicate altered binding when SWR1faces the empty side. Reported errors are
theerror of the fit.

tethered to SWR1 by the DNA contact with the Swc2 subunit (Supple-
mentary Video 3). Owing to the symmetry of the histone octamer, we
cannotdistinguish whether the nucleosome orientation relative to SWR1
switches between configurations I and Il. An alternative explanation
could be that SWR1remains bound to the same face of the nucleosomein
both configurations, and only the DNA overhang interacting with Swc2
is swapped. However, the smFRET experiments in which the donor is
located on H2A still exhibit the nucleosome flipping dynamics (Extended
Data Fig. 4e-g), thereby ruling out this possibility. Consequently, we
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Fig.5|Structural basis of SWR1-mediated nucleosome flipping. a, The
built-in coordinates of SWR1in complex with a canonical nucleosome at3.8 A
resolutionin configurationl. Note that the DNA emanating from the lower gyre
ofthe nucleosome (highlightedin blue) isbentup and binding across the
surface of SWR1.b, Abottom view of the SWR1-nucleosome structurein
configuration|. For clarity, only Swrl (HD1and HD2), Swc2 and the Arp6-Swc6
complex of SWR1areshown. ¢, The built-in coordinates of SWR1in complex with
acanonical nucleosomeat 4.7 Aresolution in configuration 1. Note that the
DNA emanating from the upper gyre of the nucleosome (highlightedinred) is
binding across the surface of SWR1.d, Abottom view of the SWR1-nucleosome

interpret that the two major states that we observed by cryo-EMrepre-
sentintermediates onthe flipping pathway. In principle, SWR1could also
use asingle approximately 35-bp or longer DNA overhang while flipping
the nucleosome (Fig. 5¢), as shownin our single-molecule experiments
(Fig.3a).Inthe cell, however, the chromatin context (thatis, the presence
or absence of aneighbouring nucleosome) would dictate whether one
or two overhangs can be used for flipping.

The single-molecule analysis presented above shows that although
nucleosomes bound to SWR1flip between configurationsland I, they
only spend avery smallamount of time flipping between these configu-
rations. We would, therefore, expect to see very few complexes caught
inthis processin our cryo-EM dataset and these would probably be in
various conformations with the nucleosome only interacting via the
DNA overhangs that are so hard to define and average. Nonetheless, by
careful classification of the particle dataset where bound nucleosome
couldnotbevisualized (Extended DataFig. 6), we were able to identify
several 2D classes in which the nucleosome could be observedina
flipped state where the nucleosome was disengaged from SWR1but the
flanking DNA remained bound. Three particularly well-defined exam-
ples are shown in Fig. 5 (compare Fig. 5e and 5f), but others were also
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g, Cartoon summary of SWR1-mediated nucleosome flipping. h, Cartoon
summary of kinetic proofreading and processivity of histone exchange by

the SWR1remodeller.

visible (Extended DataFig.9b). Weinterpret these as direct visualization
of nucleosomes frozen in the act of flipping between configurations
Iand II. The dynamic nature of the flipping, however, precluded a3D
analysis of intermediate flipped states.

Discussion

The ATP-dependent exchange of H2A-H2B dimers for those con-
taining Htz1-H2B is a two-step process that replaces each dimer in
turn®. Structural data' have strongly suggested that the dimer to be
exchanged makes close contacts with SWR1, and unwrapping of the
DNA fromaround this dimer begins upon binding and then progresses
in an ATP-dependent process'®2°. However, both dimers in a nucleo-
some can be exchanged, implying dissociation of the nucleosome to
allow it to rebind with the appropriate dimer exposed for exchange
in a distributive mechanism. On the basis of ensemble-averaged
experiments, we have previously suggested that histone exchange
proceeds via a distributive mechanism'2. However, this conclusion
was based on the assumptions that both exchanges proceeded with
comparable rates, and that SWR1 would be completely processive or



distributive. The three-colour single-molecule exchange experiments
(Fig. 2) showed that, under these conditions, the second exchange is
muchslower and that not all exchanges are processive, illustrating the
need for such single-molecule experiments to unambiguously show
processivity of the SWR1complex. Why the second exchange is slower
than the first one remains unclear. One possibility is that heterotypic
nucleosomes have slower exchange rates. To test this possibility, we
performed single-molecule exchange assays using a heterotypic nucle-
osome substrate (Extended Data Fig. 3). The resulting exchange time
is approximately 100 s, still threefold slower than the first exchange
(approximately 36 s), confirming that exchange is slower on hetero-
typic nucleosomes and in agreement with previous results?®%,

However, demonstration that dimer exchange is processive raises a
conundrum. We questioned how SWR1accesses both faces of asingle
nucleosome without dissociation or by utilizing different mechanisms
for each exchange given the asymmetric manner of association with the
SWRI1 complex. The answer is by a partial release of the nucleosome,
while retaining a hold on the flanking DNA, to allow it to flip 180° and
then rebind with the opposite face towards the enzyme to allow the
second-exchange event (Fig. 5g,h and Supplementary Video 3). This
simple, yet elegant, mechanism also explains the exquisite specificity
of dimer exchange by SWR1through dynamic, kinetic proofreading that
favours placing anucleosome face containing H2A rather than Htzlin
the position for exchange without releasing the substrate.

In cells, the Htz1-H2B variant is enriched at the +1 nucleosome at
transcription startsites, which s typically flanked by a long (approxi-
mately 140 bp) nucleosome-free region (NFR) on one side*’. SWR1
has been found, by crosslinking, to reside on the NFR-proximal side
of the +1 nucleosome, which led the authors to question how SWR1
might exchange NFR-distal dimers®. At certain genes, chromatin
immunoprecipitation-exo data from yeast cells have shown a prefer-
ence for Htzlinsertion into the NFR-distal side of the nucleosome?;
however, at the genome-wide level, the NFR-distal preference was
closer to approximately 60:40, suggesting the opposite to be the case
atother transcription startsites, despite the location of the SWR1com-
plex onthe opposite face of the nucleosome?. Invitro, linker-distal or
linker-proximal dimer preference for the first-exchange reaction has
been somewhat controversial, as discussed'®. Our initial studies have
shown aweak exchange preference (between 50:50 and 60:40) for the
linker-distal (dye-proximal) dimer. Our new single-molecule exchange
data (Fig. 1c) are consistent with those results (approximately 55:45
linker-distal). Data from other laboratories are also consistent witha
weak linker-distal preference, particularly at physiological tempera-
tures®. Conversely, others have reported a stronger preference for
thelinker-distal dimer based on more frequent and faster kinetics for
linker-distal exchange'®". The origin of these differencesis not clear.
Thenature of the enzyme or histone source (for example, recombinant
versus native, and yeast versus frog/Drosophila) or variations of the
nucleosome positioning sequence could, in principle, explain these
differences, but the data presented here do not resolve thisissue.

Finally, we speculate that nucleosome flipping might have arole in
other nucleosome remodelling activities. Flipping could be used to
recognize and modify different histone components on both faces
of nucleosomes or to monitor the histone composition of different
faces of nucleosomes as part of regulation processes. Furthermore,
the sliding directionality of nucleosomes on DNA could be swapped
by suchaflipping mechanism, as proposed for Chdl1 (ref. 33), allowing
processive sliding of nucleosomes to space them evenly along DNA or
to position them in gene regulation and/or DNA repair.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions

and competinginterests; and statements of dataand code availability
are available at https://doi.org/10.1038/s41586-024-08152-y.

1. Krogan, N. J. et al. A Snf2 family ATPase complex required for recruitment of the histone
H2A variant Htz1. Mol. Cell 12, 1565-1576 (2003).

2. Mizuguchi, G. et al. ATP-driven exchange of histone H2AZ variant catalyzed by SWR1
chromatin remodeling complex. Science 303, 343-348 (2004).

3. Kobor, M. S. et al. A protein complex containing the conserved Swi2/Snf2-related ATPase
Swrlp deposits histone variant H2A.Z into euchromatin. PLoS Biol. 2, €131 (2004).

4.  Luger, K., Mader, A. W., Richmond, R. K., Sargent, D. F. & Richmond, T. J. Crystal structure
of the nucleosome core particle at 2.8 A resolution. Nature 389, 251-260 (1997).

5. Talbert, P. B. & Henikoff, S. Histone variants at a glance. J. Cell Sci. 134, jcs244749 (2021).

6. Ruhl, D.D. et al. Purification of a human SRCAP complex that remodels chromatin by
incorporating the histone variant H2A.Z into nucleosomes. Biochemistry 45, 5671-5677
(2006).

7. Kusch, T. etal. Acetylation by Tip60 is required for selective histone variant exchange at
DNA lesions. Science 306, 2084-2087 (2004).

8. Giaimo, B. D., Ferrante, F., Herchenréther, A., Hake, S. B. & Borggrefe, T. The histone
variant H2A.Z in gene regulation. Epigenetics Chromatin 12, 37 (2019).

9. Clapier, C.R. &Cairns, B. R. The biology of chromatin remodeling complexes. Annu. Rev.
Biochem. 78, 273-304 (2009).

10. Eustermann, S. et al. Structural basis for ATP-dependent chromatin remodelling by the
INO80 complex. Nature 556, 386-390 (2018).

1. Avyala, R. et al. Structure and regulation of the human INO80-nucleosome complex.
Nature 556, 391-395 (2018).

12. Willhoft, O. et al. Structure and dynamics of the yeast SWR1-nucleosome complex.
Science 362, eaat7716 (2018).

13. Willhoft, O. & Wigley, D. B. INO80 and SWR1 complexes: the non-identical twins of
chromatin remodelling. Curr. Opin. Struct. Biol. 61, 50-58 (2020).

14. Ranjan, A. et al. H2A histone-fold and DNA elements in nucleosome activate SWR1-mediated
H2A.Z replacement in budding yeast. eLife https://doi.org/10.7554/eLife.06845.001 (2015).

15.  Luk, E. et al. Stepwise histone replacement by SWR1 requires dual activation with histone
H2A.Z and canonical nucleosome. Cell 143, 725-736 (2010).

16. Lin, C. L. et al. Functional characterization and architecture of recombinant yeast SWR1
histone exchange complex. Nucleic Acids Res. 45, 7249-7260 (2017).

17.  Watanabe, S., Radman-Livaja, M., Rando, O. J. & Peterson, C. L. A histone acetylation switch
regulates H2A.Z deposition by the SWR-C remodeling enzyme. Science 340, 195-199
(2013).

18. Poyton, M. F. et al. Coordinated DNA and histone dynamics drive accurate histone H2A.Z
exchange. Sci. Adv. 8, eabj5509 (2022).

19.  Fan, J., Moreno, A. T., Baier, A. S., Loparo, J. J. & Peterson, C. L. H2A.Z deposition by SWR1C
involves multiple ATP-dependent steps. Nat. Commun. 13, 7052 (2022).

20. Singh, R.K. etal. Transient kinetic analysis of SWR1C-catalyzed H2A.Z deposition unravels
the impact of nucleosome dynamics and the asymmetry of histone exchange. Cell Rep.
27, 374-386.€4 (2019).

21. Carcamo, C. C. et al. ATP binding facilitates target search of SWR1 chromatin remodeler
by promoting one-dimensional diffusion on DNA. eLife 11, e77352 (2022).

22. Hopfield, J. J. Kinetic proofreading: a new mechanism for reducing errors in biosynthetic
processes requiring high specificity. Proc. Natl Acad. Sci. USA 71, 4135-4139 (1974).

23. Ninio, J. Kinetic amplification of enzyme discrimination. Biochimie 57, 587-595 (1975).

24. Jalal, A.S. B. et al. Stabilization of the hexasome intermediate during histone exchange
by yeast SWR1 complex. Mol. Cell 84, 3871-3884.e9 (2024).

25.  Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature 596,
583-589 (2021).

26. Wu, W. H. etal. Swc2 is a widely conserved H2AZ-binding module essential for
ATP-dependent histone exchange. Nat. Struct. Mol. Biol. 12, 1064-1071(2005).

27. Liang, X. et al. Structural basis of H2A.Z recognition by SRCAP chromatin-remodeling
subunit YL1. Nat. Struct. Mol. Biol. 23, 317-323 (2016).

28. Ranjan, A. et al. Nucleosome-free region dominates histone acetylation in targeting SWR1
to promoters for H2A.Z replacement. Cell 154, 1232-1245 (2013).

29. Sun, L., Pierrakeas, L., Li, T. & Luk, E. Thermosensitive nucleosome editing reveals the role
of DNA sequence in targeted histone variant deposition. Cell Rep. 30, 257-268.e5 (2020).

30. Jiang, C. & Pugh, B. F. Nucleosome positioning and gene regulation: advances through
genomics. Nat. Rev. Genet. 10, 161-172 (2009).

31.  Yen, K., Vinayachandran, V. & Pugh, B. F. SWR-C and INO80 chromatin remodelers
recognize nucleosome-free regions near +1 nucleosomes. Cell 154, 1246-1256 (2013).

32. Rhee, H.S., Bataille, A.R., Zhang, L. & Pugh, B. F. Subnucleosomal structures and
nucleosome asymmetry across a genome. Cell 159, 1377-1388 (2014).

33. Qiuy, Y. etal. The Chd1chromatin remodeler shifts nucleosomal DNA bidirectionally as a
monomer. Mol. Cell 68, 76-88.e6 (2017).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

oy 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024, corrected publication 2024

Nature | Vol 636 | 5 December 2024 | 257


https://doi.org/10.1038/s41586-024-08152-y
https://doi.org/10.7554/eLife.06845.001
http://creativecommons.org/licenses/by/4.0/

Article

Methods

Purification of wild-type SWR1

Recombinant SWR1was produced as previously described'> with
minor modifications. Baculoviruses encoding SWR1genes were initially
amplified in Sf9 cells, before using the amplified baculoviruses to infect
BTI-TN-5B1-4 (High Five) cells for expression, which were harvested
after 72 h. Cells were lysed by sonication in 50 mM HEPES (pH 8.0),
0.5MNaCl,1mMTCEP,10% glycerol,1 mM benzamidine-HCL supple-
mented with1proteaseinhibitor tabletand 10 pl of benzonase per litre
of cell culture. Lysate was clarified by centrifugation at 30,000g for
60 min at4 °C. The supernatant was filtered before being injected onto
aStrepTrap HP (Cytiva) column. The column was washed with buffer
A (25 mM HEPES (pH 7.5), 0.3 M NaCl, 1 mM TCEP and 10% glycerol)
before being eluted with buffer A supplemented with 5 mM desthio-
biotin. The eluted protein was combined and diluted 1:1 with buffer B
(25 mM HEPES (pH 7.5), 0.1 M NaCl, 1 mM TCEP and 10% glycerol) to
dilute the salt before being loaded onto aHHiTrap QHP (Cytiva) column.
The protein was eluted with a linear gradient from buffer B to buffer
C (25 mMHEPES (pH7.5),2 MNaCl,1 mM TCEP and 10% glycerol). The
relevant fractions were pooled and diluted again 1:1 with buffer B to
reduce the salt before being injected onto a Heparin HP (Cytiva) col-
umn. Protein was eluted with alinear gradient from buffer B to buffer
C.Finally, the protein was concentrated, snap frozenin liquid nitrogen
and stored at—-80 °C.

Purification of fluorescently labelled SWR1

To site specifically label the SWR1 complex, we made use of the
ybbR-labelling approach®**. The 11-amino acid ybbR tag was fused to
the N terminus of the Arp6 subunit of SWR1. The ybbR-Arp6 mutant
was used in place of the wild-type Arp6 gene when assembling the SWR1
genes using the MultiBac system'. The SWR1(ybbR-Arp6) complex
was expressed and purified in an analogous way to wild-type SWR1
with the ybbR-labelling reaction taking place after elution from the
HiTrap QHP column. The labelling reaction was carried out overnight
at4 °C. Typically, SWR1(ybbR-Arp6; approximately 1 uM) was labelled
with CoA-Atto647N (approximately 10 pM) using recombinant Sfp
transferase (approximately 0.2 pM) in buffer B supplemented with
10 mM MgCl,. The labelled SWR1complex was separated from free dye
and Sfp transferase using aHeparin HP (Cytiva) column, eluting with a
linear gradient from buffer B to buffer C. Finally, SWR1(Atto647N-Arp6)
(referred to as SWR1(647N) in the text) was concentrated, snap frozen
inliquid nitrogen and stored at —80 °C.

Purification of S. cerevisiae histones

All nucleosomes or hexasomes used in this study were composed of
S. cerevisiae histones assembled on DNA containing the 601 Widom
sequence.

S.cerevisiae octamers with and without Alexa Fluor 555on H2AK119C
were prepared as previously described™®.

S. cerevisiaeH2A-H2B, Htz1-H2B (with and without Alexa Fluor 555
on Htz1K125C) or Htz1-H2B(3xFlag) histone dimers were expressed in
E. coliand purified as soluble dimers. Cells were lysed by sonicationin
buffer D (20 mM Tris (pH7.5),0.5 MNaCl, 0.1 mMEDTA and1 mM TCEP)
plus protease inhibitor tablets (Roche; 2 tablets per 100 ml). Dimers
were purified by loading the cleared lysate onto tandem HiTrap Q FF
and HiTrap Heparin HP columns in buffer E (20 mM Tris (pH7.5),0.5M
NaCl,1mMEDTA and1 mM TCEP). The HiTrap Q FF columnwas removed
before elution from the HiTrap Heparin HP column via a gradient to
buffer F (20 mM Tris (pH 7.5),2 M NaCl,1 mM EDTA and 1 mM TCEP),
followed by gel filtration on a Superdex S200 in buffer F.

S. cerevisiae histone H3(Q120M, K121P and K125Q) and histone H4
were co-expressed in £. coliand purified as soluble tetramers. Cells were
lysed by sonication in buffer D plus protease inhibitor tablets (Roche;
2tablets per 100 ml). Tetramers were purified using a HiTrap Heparin

HP columninbuffer E and eluted via a gradient to buffer F, followed by
gelfiltration on a Superdex S200 in buffer F.

Preparation of nucleosomes

Biotinylated DNA containing the Widom 601 sequence was generated
as previously described™. Salt gradient dialysis of the S. cerevisiae
octamers with DNA was carried out to form a ‘core’ nucleosome. A
biotinylated DNA overhang was ligated to the core nucleosome as previ-
ously described™. This resulted in nucleosomes with one long overhang
of 113 bp and a short overhang of 2 bp, which we refer to as 113N2 (‘N
representing the Widom 601 nucleosome positioning sequence). The
biotin was present on the long 113-bp linker. For nucleosomes where
the DNA was labelled, the fluorophore was attached at the end of the
2-bp short overhang.

Preparation of hexasomes
To facilitate the formation of yeast hexasomes, three amino acid sub-
stitutions were introduced into the S. cerevisiae H3 histone (Q120M,
K121P and K125Q)*. These substitutions (MPQ) are the corresponding
amino acids found in human and Xenopus laevis H3.
Toformhexasomes, S. cerevisiae H2A-H2B dimers were mixed with
S. cerevisiae H3(MPQ)-H4 tetramers. The amount of H2A-H2B dimers
used was limited to 0.6x theamount of tetramers to ensure only partial
H2A-H2B occupancy. Hexasomes were assembled onto the same DNA
that was used for nucleosomes by salt gradient dialysis to generate
‘core’ hexasomes. Core hexasomes were separated from tetrasomes,
nucleosomes and free DNA using aMonoQ column, loaded in buffer G
(20 mM Tris (pH7.5),1mMEDTA,1 mM TCEP and 200 mM NaCl) eluting
withagradientinto buffer H (as buffer G with2 MNaCl). The fractions
were immediately diluted into 4x volume of 20 mM Tris (pH 7.5) to
reduce the salt concentration. A biotinylated DNA overhang was ligated
tothe core hexasomein the same way as was used for nucleosomes. This
resulted in a hexasome with one long overhang of 113 bp and a short
overhang of 2 bp, which we refer to as 113H2 (‘H’ representing a hexa-
some assembled on the Widom 601sequence). The biotin was present
onthelong113-bp linker. For hexasomes where the DNA was labelled,
the fluorophore was attached at the end of the 2-bp short overhang.
Asis the case for hexasomes prepared with X. laevis histones®, yeast
hexasomes prepared in this way exploit the inherent asymmetry of the
Widom 601sequence. Because of thisasymmetry, the H2A-H2B dimer
presentinahexasomeis preferentially located on the ‘TA-rich’ side of
the Widom 601 sequence, leaving the vacant site on the ‘TA-poor’side.
We orientated our Widom 601 sequence with the TA-rich side closest
to the 2-bp short overhang. This resulted in the vacant H2A-H2B site
being located next to the 113-bp linker.

Preparation of heterotypic nucleosomes

Core hexasomes, prepared as described above, were mixed with
S. cerevisiae Htz1-H2B dimers to form heterotypic nucleosomes. Htz1-
H2B dimers were added atanamount equal to 0.3x the amount of hexa-
some present. Core heterotypic nucleosomes were then purifiedin the
same way as canonical nucleosomes. A biotinylated DNA overhang
was ligated to the core heterotypic nucleosomes as described above.
Resulting heterotypic nucleosomes contain the Htz1-H2B dimer next
to the long 113-bp overhang and the conical H2A-H2B dimer next to
the short 2-bp overhang.

Bulk histone exchange assay

SWR1 (100 nM; wild type or SWR1(647N)), 200 nM nucleosomes and
400 nM Htz1-H2B(3xFlag) were mixed in exchange buffer (25 mM
Tris-HCI (pH 7.8),100 mM KCl, 0.2 mM EDTA and 2 mM MgCl,), with
or without 1 mM ATP. The exchange reaction was carried out at 30 °C.
At the indicated time points, 8 pl of the reaction was removed and
quenched by the addition of 4 pl of a stopping solution (0.5 mg ml™
salmon sperm DNA, 30 mM EDTA and 3x ficoll loading buffer) and



placed onice. The ‘no ATP’ control was taken at the longest indicated
time point. After all time points had been taken, the reaction products
were separated by 6% native PAGE, run at 110 Vin 0.5x TBE at 4 °C and
visualized using fluorescence of the nucleosome.

Two-colour smFRET microscope

smFRET measurements looking at the flipping of nucleosomes by
SWRI1 were performed on an Olympus IX-71 microscope equipped
with a homebuilt prism-TIRF module. Excitation was provided by a
532-nm laser (Stradus, Vortran) or a 637-nm laser (Stradus, Vortran).
Fluorescence was collected through a1.2 NA, 60x water objective
(Olympus) andfiltered through a dual bandpass filter (FF01-577/690-25,
Semrock). The fluorescence was spectrally separated using a Opto-
Split Il (Cairn Research) to separate donor and acceptor emission.
The donor and acceptor emissions were further filtered through
ET585/65M and ET700/75M (Chroma) bandpass filters, respectively.
The donorand acceptorimages were then projected side-by-side onto
anelectron-multiplying charge-coupled device (EMCCD) (AndoriXon
Ultra897). Datawere collected as raw movies using a custom LabVIEW
script.

Single-molecule fluorescence spots from the raw movies were local-
ized using custom IDL scripts and converted into raw fluorescence
trajectories. Raw fluorescence trajectories were corrected for bleed
through of the donor fluorescence into the acceptor channel. Appar-
ent FRET efficiencies were calculated as the ratio of acceptor intensity
divided by the sum of the donor and acceptor intensities.

Two mechanical shutters (LS-3, Uniblitz, Vincent Associates) were
placedinthe excitation path for alternating laser excitation (Extended
Data Fig. 4e-g). Frame acquisition and shutter synchronization were
obtained using ahomebuilt negative-edge-triggered JK flip—flop circuit
(SN74LS112AN, Texas Instruments) using the ‘Fire’ output of the EMCCD
astheinputclock. IDLscripts were modified accordingly to locate single
molecules and extract fluorescence trajectories.

Three-colour smFRET microscope
smFRET measurements looking at histone exchange coupled with SWR1
binding were performed on an Olympus IX-71 microscope equipped
with ahomebuilt prism-TIRF module. Alternating laser excitation was
provided by a488-nm laser (OBIS, Coherent) or a 637-nm laser (OBIS,
Coherent). Alternation of the lasers and synchronization of the lasers
with the camerawere controlled by acustom LabVIEW script and a DAQ
(USB-6341, National Instruments). Fluorescence was collected through
al.2NA, 60x water objective (Olympus) and filtered through ET500Ip
(Chroma) and NF03-642E-25 (Semrock) filters. The fluorescence was
spectrally separated using a MultiSplit (Cairn Research) housing the
following dichroic filters: T500lpxr UF2, T635Ipxr UF2 and T725lpxr
UF2 (Chroma). The separated fluorescent emission was projected onto
quadrants of asCMOS (ORCA Fusion, Hammamatsu) camera. Datawere
collected as raw movies using HCImage Live (Hammamatsu).
Single-molecule fluorescence spots from the raw movies were local-
ized using custom IDL scripts and converted into raw fluorescence
trajectories. Raw fluorescence trajectories were corrected for bleed
through of the donor fluorescence into the acceptor channel. Appar-
ent FRET efficiencies were calculated as the ratio of acceptor intensity
divided by the sum of the donor and acceptor intensities.

Microscopesslide passivation and flow chamber assembly

Quartz slides (UQC optics) and glass coverslips were aminosilinized
with N-(2-aminoethyl)-3-aminopropyltrimethoxysilane, then pas-
sivated using methoxy-PEG-SVA (relative molecular mass = 5,000;
Laysan Bio, Inc.) containing 5% biotin-PEG-SVA (relative molecular
mass = 5,000, LaysanBio, Inc.) in100 mM sodium bicarbonate as pre-
viously described?® with minor modifications. Following passivation,
slidesand coverslips were stored under nitrogenin the dark at -20 °C.
Before use, slides and coverslips were warmed to room temperature

and assembled into flow chambers using 0.12-mm thick double-sided
adhesive sheets (Grace Bio-Labs SecureSeal). Flow chambers were
sealed with epoxy glue.

Nucleosome or hexasome immobilization

Nucleosomes or hexasomes were surface immobilized as previously
described™. In brief, neutravidin (0.1 mg ml™) in T50 buffer (50 mM
Tris-HCI (pH 7.5) and 50 mM NaCl) was injected into the assembled
flow chamber and incubated for 5 min to allow binding to the bioti-
nylated PEG surface. Excess neutravidin was washed out with reaction
buffer (25 mM Tris-HCI (pH 7.8),100 mMKClI, 4% glycerol,l mMEDTA,
2 mM MgCl, and 0.2 mg ml™ BSA). Biotinylated nucleosomes or hex-
asomes were diluted to 10 pM in reaction buffer before injecting into
the flow chamber and allowed to bind to the neutravidin for 5 min.
Excess nucleosomes or hexasomes were flushed out using imaging
buffer (reaction buffer with Trolox, 2.5 mM protocatechuic acid and
0.25 pM protocatechuate-3,4-dioxygenase) and imaged immediately.

smFRET between nucleosome or hexasome and SWR1data
collection

Nucleosomes or hexasomes labelled with a Cy3 donor on the short
end of the DNA overhang (113N2.Cy3 or 113H2.Cy3) were immobi-
lized in a flow chamber and imaged. SWR1(647N), 10 nM in imaging
buffer (25 mM Tris-HCI (pH 7.8),100 mMKCl, 4% glycerol,1mM EDTA,
2 mM MgCl,, 0.2 mg mI™ BSA, Trolox, 2.5 mM protocatechuicacid and
0.25 uM protocatechuate-3,4-dioxygenase) was injected. Imaging was
performed by first directly exciting the acceptor with a 637-nm laser
for approximately 15 s to localize SWR1(647N), before switching to
532-nm excitation to observe FRET between the nucleosome or hexa-
some and SWRI. All single-molecule measurements were carried out
atroom temperature, data were acquired with a100-ms frame time.

smFRET between nucleosome or hexasome and SWR1data
analysis
Manual inspection of the donor intensity, acceptor intensity and appar-
ent FRET from each molecule was carried out using custom MATLAB
scripts. Foramoleculetobeincluded in downstream analysis, it needed
to have a constant signal from the acceptor under direct acceptor exci-
tation toindicate that SWR1(647N) was bound and display a single step
photobleaching event of either the donor or acceptor under donor
excitation. All molecules that satisfied these criteria were truncated
tojust the FRETing region preceding the photobleaching event.
Truncated FRET traces were analysed with a hidden Markov model
using VbFRET, using default parameters®. The idealized FRET from
VbFRET was used to generate FRET histograms, plotted using Igor Pro
8 (Wavemetrics). Dwell times fromtheidealized FRET trajectories were
extracted using custom MATLAB scripts. Only dwell times in which
the idealized FRET transitioned between proximal and distal states
(or the reverse) were included. Dwell time plots were generated in
MATLAB and plotted inIgor Pro 8. The lifetime of the proximal-bound
and distal-bound states was determined by fitting the dwell time plots
toadouble exponential functioninIgor Pro 8. The slow and fast expo-
nential phases probably correspond to afully or partially engaged SWR1
complex, respectively. The average lifetimes (,,.) for proximal-bound
and distal-bound states were calculated using the pre-exponential
factors (A) and lifetimes (7) determined from the double exponential
fitas follows:

Tave= (A5 + Ay 1,0) /(A T+ Ay T)

In all cases, we observed both static and dynamic trajectories when
probing the FRET between nucleosomes or hexasomes and SWRI.
Only dynamic trajectories were used for determining the kinetics.
For both the canonical and the heterotypic nucleosomes, static
trajectories represent a minority of the observed molecules. Short
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static traces may be due to dye photobleaching or SWR1 diffusion
before a flipping event can take place. However, longer static traces
are also observed. This heterogeneity is summarized in Extended
DataFig. 5. Long static trajectories suggest that a proportion of SWR1
molecules are stably engaged on one side of the nucleosome and not
dynamically checking the histone identity of each nucleosome face.
The nature of this stable SWR1 binding, compared with binding that
allows nucleosome flipping, is unknown, as is the method by which
SWRI1 could transition from a static (stable binding) to a flipping
(checking histone identity) state.

smFRET real-time imaging of histone exchange and
SWRI1-binding data collection

A quartz flow cell was prepared as described above. Neutravidin
(0.01mg mI™") in T50 buffer (50 mM Tris-HCI (pH 7.5) and 50 mM NaCl)
was injected into the flow chamber and incubated for 5 min to allow
bindingto the biotinylated PEG surface. Excess neutravidin was washed
out and the flow cell further passivated by incubation with Pluronic
F127 (0.5% w/v) in T50 buffer. Excess Pluronic F127 was washed out
withreactionbuffer (25 mMTris-HCI (pH 7.8),100 mM KCl, 4% glycerol,
0.2 mMEDTA, 2 mM MgCl,and 0.2 mg ml™ BSA).

To follow the insertion of variant histones in real time at the
single-molecule level, a ‘gain of FRET’ assay was used. Nucleosomes
labelled with Alexa Fluor 488 (FRET donor) on the short 2-bp overhang
(113N2.AF488) were immobilized in aflow chamber and imaged. To start
the reaction, 1nM SWR1, 4 nM Chz1-Htz1(AF555)-H2B and 1 mM ATP
inimaging buffer (25 mM Tris-HCI (pH 7.8), 100 mM KCl, 4% glycerol,
0.2 mMEDTA, 2 mM MgCl,, 0.2 mg mI™ BSA, Trolox, 2.5 mM protocate-
chuicacidand 0.25 pM protocatechuate-3,4-dioxygenase) wasinjected
into the chamber using a syringe pump. Exchange can be monitored by
stepwise FRET increases as the AF555-labelled (FRET acceptor) Htz1-
H2B dimer is exchanged into theimmobilized AF488-labelled nucleo-
some. To reduce nonspecific binding of the Htz1(AF555)-H2B dimer,
the dimer was first complexed withits natural chaperone, Chzl (ref. 40).

For experiments that simultaneously followed exchange and
SWR1 binding, the experiment was conducted as described but with
SWR1(647N) using the three-colour smFRET microscope described
above. The two excitation lasers (488 nmand 637 nm) were alternated
atafrequency of 1 Hz. All experiments were carried out at room tem-
perature (22 °C).

smFRET real-time imaging of histone exchange and
SWRI1-binding data analysis

Visualization of single-molecule trajectories was carried out using
custom MATLAB scripts. For each single molecule, the intensity of the
donor (AlexaFluor 488), acceptor (Alexa Fluor 555) and corresponding
FRET, along with the colocalized SWR1-binding intensity (Atto647N)
were inspected. Nucleosomes that underwent exchange were identi-
fied by stepwise increases in the FRET trajectory. SWR1 binding was
identified as anincrease inthe Atto647N intensity. Nucleosomes where
the signal for SWR1 binding overlapped with at least one exchange
eventwereincluded for further analysis. Dwell times were collected by
manualinspection of the trajectories. Datawere obtained by measuring
several regions of interest from at least three independent slides. Dwell
time plots were generated in MATLAB and plotted and fitinIgor Pro 8.

Single-molecule measurements of SWR1 nucleosome lifetime

Nucleosomes labelled with Alexa Fluor 488 on the short 2-bp
overhang (113N2.AF488) were immobilized in a flow chamber as
described above. Of SWR1(647N), 5 nM in imaging buffer (25 mM
Tris-HCI (pH 7.8),100 mM KCl, 4% glycerol, 1 mM EDTA, 2 mM MgCl,,
0.2mg ml™ BSA, Trolox, 2.5 mM protocatechuic acid and 0.25 pM
protocatechuate-3,4-dioxygenase with 1 mM ATP) was injected.
The three-colour smFRET microscope described above was used.
The two excitation lasers (488 nm and 637 nm) were alternated at a

frequency of 1 Hz. Experiments were carried out at room temperature
(22 °C). Trajectories in which SWR1(647N) colocalized with a nucleo-
some were selected and further processed using tMAVEN* to deter-
mine the time for SWR1to bind and the time SWR1 remained bound
toanucleosome.

Preparation of the SWR1-nucleosome complex for cryo-EM
Recombinant SWR1 was produced in BTI-TN-5B1-4 (High Five) insect
cells, and the SWR1-nucleosome complex was assembled as previously
described™. SWR1-nucleosome grids were prepared as previously
described, except instead of glow discharge, the grids were cleaned
by washing with water and ethyl acetate. Cryo-EM data acquisition,
image acquisition and structure reconstruction were conducted using
asimilar procedure as previously described™. Data processing and
refinement statistics for the two cryo-EM structures are summarized
in Extended Data Table 1.

Cryo-EM data collection

Atotal of 35,076 micrographs were collected using a Titan KRIOS micro-
scope operated at 300 kV.Images were collected onaFalcon IV direct
electron detector with a pixel size of 1.1 A px_. Images were collected
with adefocusrange of -0.7to -1.9 um, with 1.0 s exposure time and a
total dose of 40 e” A fractionated over 39 frames.

Cryo-EM data processing

Movie frames were aligned using MotionCor2 (ref. 42), as previously
described'. Contrast transfer function parameters were determined
using Getf* as previously described™. Particle picking was performed
in cryoSPARC*, as previously described™. Global-resolution and
local-resolution estimates were calculated based on the gold-standard
Fourier shell correlation (FSC = 0.143) criterion.

The cryo-EM processing workflow for the 3.8 A SWR1-nucleosome
map in configuration lis summarized in Extended DataFig. 6. First, in
therecently collected SWR1-nucleosome dataset, 2D classificationin
cryoSPARC for 2D classes containing density for SWR1 or the nucleo-
some resulted inaworking particle pool 0f1,918,312 particles*. These
were subdivided into three classes via heterogeneous refinement in
cryoSPARC, resulting in class 1 (SWR1-nucleosome complex (15%)),
class 2 (SWR1-apo (55%)) and class 3 (nucleosome only (30%)). The
subset of 268,805 particles in class 1 (SWR1-nucleosome) was then
further classified into five classes via heterogeneous refinement in
cryoSPARC, resulting in class 1.1 (SWR1-nucleosome in configuration
1(68%)), class 1.2 (SWR1-nucleosome configuration Il (17%)), class 1.3
(poorly aligned class (9%)), class 1.4 (poorly aligned class (2%)) and
class1.5(poorly aligned class (4%)). The particlesin class 1.1were then
imported and subjected to 3D refinementin RELION before one round
of 3D classification without alignment (7= 30), with a soft mask over-
lapping the Swc2-bottom gyre DNA interface®. This generated two
classes: class 1.1.1 (no density for bottom gyre DNA (63%)) and class
1.1.2 (clear density for bottom gyre DNA (37%)). Particles in class 1.1.2
were further selected for 3D refinement in RELION.

Next, in the previously collected dataset, 2D classificationin cry-
0oSPARC for 2D classes containing density for SWR1or the nucleosome
resulted inaworking particle pool 0f 296,061 particles. These were sub-
dividedinto three classes via heterogeneous refinement in cryoSPARC,
resulting in a class 1.1 (SWR1-nucleosome complex (33%)), class 1.2
(SWRI1-apo (39%)) and class 1.3 (nucleosome only (28%))**. The subset
0f 96,648 SWR1-nucleosome particles were then further classified into
five classes via heterogeneous refinement in cryoSPARC, resulting in
class1.1(SWR1-nucleosomein configuration1(68%)), class1.2 (SWR1-
nucleosome configuration Il (23%)), class 1.3 (poorly aligned class (5%)),
class 1.4 (poorly aligned class (2%)) and class 1.5 (poorly aligned class
(2%)). Particlesin class1.1wereimported and refined in RELION before
one round of 3D classification without alignment (7 = 30), with a soft
mask overlapping the Swc2-bottom gyre DNA interface. This generated



two classes: class 1.1.1 (no density for bottom gyre DNA (16%)) and class
1.1.2 (clear density for bottom density (84%)). Particles in class 1.1.2
were further selected for 3D refinement in RELION®. Particles from
classes 1.1.2 in the recently collected dataset and 1.1.2 in the previ-
ously collected dataset were then merged to generate a working pool
of123,591 particles. The resulting particles were then subjected to 3D
refinement and contrast transfer function refinement in RELION with
amask corresponding to the SWR1 subcomplex of Swrl, Arp6, Swcé,
Swc2, RuvBL1and RuvBL2, and the nucleosome to generate the final
3.8 ASWRI-nucleosome map in configuration I,

The cryo-EM processing workflow for the 4.7 A SWR1-nucleosome
map in configuration Il is summarized in Extended Data Fig. 6. First,
intherecently collected SWR1-nucleosome dataset, particlesin class
1.2 were selected, generating a working pool of 35,102 particles. The
subset of particles was further classified into two classes in RELION
using 3D classification with alignment (7= 6) in the absence of amask®.
This generated class 1.2.1 (SWR1-nucleosome with poor density for
the upper gyre DNA (39%)) and class 1.2.2 (SWR1-nucleosome with
clearer density of upper gyre DNA (61%)). The particles in class 1.2.2
were selected, generating a working pool of 20,990 particles for 3D
refinement in RELION.

Next, in the previously collected SWR1-nucleosome dataset, par-
ticles in class 1.2 were selected, generating a working pool of 21,054
particles. The subset of particles was further classified in two classes
inRELION using 3D classification with alignment (T = 6) in the absence
of a mask®. This generated class 1.2.1 (SWR1-nucleosome with
poor density for the upper gyre DNA (40%)) and class 1.2.2 (SWR1-
nucleosome with clearer density of upper gyre DNA (60%)). The par-
ticlesin class 1.2.2 were selected, generating a working pool 0of 12,605
particles for 3D refinement in RELION®, Particles from classes 1.2.2in
therecently collected datasetand 1.2.2 inthe previously collected data-
set were then merged to generate aworking pool of 33,595 particles. The
resulting particles were then subjected to 3D refinement and contrast
transfer function refinementin RELION with amask corresponding to
the SWR1subcomplex of Swrl, Arp6, Swcé, Swc2, RuvBL1 and RuvBL2,
and the nucleosome to generate the final 4.7 A SWR1-nucleosome map
in configurationll.

Model building

For the Swc2 subunit, an initial template was generated using Alpha-
Fold®. Different regions corresponding to secondary structures of
the template were manually truncated and docked separately into the
recently generated 3.8 A SWR1-nucleosome map in configurationlin
Chimera'>*, before being further builtin Coot*. The final coordinates
were subjected to real-space refinement in Phenix*s,

For the 3.8 A SWR1-nucleosome configuration I map, first the
SWR1-nucleosome complex from the previously solved 3.6 A SWR1-
nucleosome structure (Protein Data Bank (PDB) ID 6GEJ) was docked
into the density using Chimera'>*¢, The coordinates for the DNA were
then omitted. Next, the SWR1-nucleosome complex from the previ-
ously solved 4.5 A SWR1-nucleosome structure (PDB ID 6GEN) was
superimposed onto the docked structure using RuvBL1 and RuvBL2
asareference. Coordinates for the superimposed structure were then
omitted, with exceptionto the coordinates for the DNA, which was kept
and docked into the 3.8 A SWR1-nucleosome configuration I map in
Chimera, before merging the two PDB models: SWR1-nucleosome DNA
omitted and DNA only together. The coordinates corresponding to the
previously built Swc2 subunit were then omitted, and the coordinates
for the newly built Swc2 model were docked into the map. Additional
DNA overhang was then built manually in Coot'****, The final coordi-
nates were then subjected to real-space refinement in Phenix*®.

For the 4.7 A SWR1-nucleosome configuration Il map, SWR1 from
the previously solved 3.6 A SWR1-nucleosome structure (PDB ID 6GEJ)
was docked into the density using Chimera*®. The coordinates cor-
responding to Swc2 were omitted, and the recently built Swc2 was

docked together into the density using Chimera and further built in
Coot** The additional DNA overhang was then built manually in Coot.
The final coordinates were then subjected to real-space refinement
in Phenix*s,

2D classification of SWR1-mediated nucleosome flipping
First,inthe recently collected SWR1-nucleosome dataset, particlesin
class 2 (SWR1-apo (55%)) were selected, generating a working pool of
594,100 particles. The subset of particles was then further classified
into four classes via heterogeneous refinementin cryoSPARC, resulting
inclass 2.1 (RuvBL1-RuvBL2 only (21%)), class 2.2 (a poorly aligned class
(20%)), class 2.3 (SWR1-apo with additional density underneath SWR1
(38%)) and class 2.4 (a poorly aligned class (21%)). Particles in class 2.3
were then selected for 2D classification in RELION®,

Next, in the previously collected SWR1-nucleosome dataset, parti-
clesin class 2 (SWRI1-apo (39%)) were selected, generating a working
pool of115,463 particles. The subset of particles was then further clas-
sified into four classes via heterogeneous refinement in cryoSPARC,
resulting in class 2.1 (RuvBL1-RuvBL2 only (25%)), class 2.2 (a poorly
aligned class (20%)), class 2.3 (SWR1-apo with additional density
underneath SWR1 (30%)) and class 2.4 (a poorly aligned class (25%)).
Particlesin class 2.3 were then selected for 2D classification in RELION.
The particlesin class 2.3 in the recently collected SWR1-nucleosome
datasetand the particlesinclass 2.3 in the previously collected SWR1-
nucleosome dataset were thenmerged and subjected tomultiple rounds
of 2D classification in RELION to obtain 2D classes of SWR1-mediated
nucleosome flipping.

Statistics and reproducibility

Fordatarelating to Fig.1, the total number of traces used in each data-
setisindicatedin each panel and was derived from threeindependent
experiments. For data relating to Fig. 2, the total number of traces
used for each dataset isindicated in each panel and was derived from
four independent experiments. For data relating to Figs. 3 and 4, two
independent experiments were performed, one of which is shown.
The total number of traces used for each dataset is indicated in each
panel. All gels were independently and successfully repeated twice.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Electron density maps have been deposited at the Electron Microscopy
Database (accession codes EMDB-18471 and EMDB-18472), and atomic
coordinates have been deposited at the PDB (PDB ID codes 8QKU and
8QKYV). Initial models used for model building include PDB ID 6GEN
and 6GE]J, as well as an AlphaFold-generated model of Swc2. Corre-
spondence and requests for materials should be addressed to D.B.W.
or D.S.R. Allunique materials are available on request with completion
of astandard Materials Transfer Agreement. Source data are provided
with this paper.

Code availability

Code for the single-molecule data analysis is freely available (https://
github.com/singlemoleculegroup).
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Extended DataFig.1|Additional examples of smFRET trajectories relating
tothe experimentdescribed in Fig.1ofthe maintext.a, Three examples of
double exchange events where the first exchange is on the dye proximal side.
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Extended DataFig.2|Fluorescently labelled SWR1and measuring
nucleosomeboundlifetime. a, SWR1was specifically labelled with Atto647N
onthe N-terminus of the Arp6 subunit. Coomassie stained gel of the purified
complexshows the presence of all expected SWR1subunits (left). The same gel
imaged for fluorescence shows thatonly the Arp6 subunit hasbeen fluorescently
labelled (right). Representative gel of three independent preparations. For gel
source data, see Supplementary Fig.1. b, Bulk activity assay using the insertion
ofaFLAG tagged Htz1-H2B dimer as areadout for exchange. Exchange activity
ofthelabelled SWR1complexisretained. Representative gel of two independent
experiments using enzyme from separate purifications. For gel source data,
see Supplementary Fig.1.c, Three example single molecule intensity trajectories
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of SWR1(647N) colocalization to surfaceimmobilized nucleosomes. d, Dwell
time plot of SWR1(647N) binding times. Datais shown fit to a single exponential
decay (withresiduals below). On average SWR1takes 6.58 + 0.02 min to bind
under our experimental conditions. e, Dwell time plot of the lifetime of
SWR1(647N) bound toanucleosome. Datais shownfit to a double exponential
decay (withresiduals below). Two types of bound complex are present, one
stably bound (lifetime 19 + 2 min) and one more transiently bound (lifetime
1.91+0.01 min). We tentatively assign the transiently bound species to
SWR1(647N) interacting with the extranucleosomal DNA, and the stably bound
species to SWR1(647N) engaging properly with the nucleosome. Reported
errorsaretheerror of the fit.
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Extended DataFig. 3| Additional examples of trajectories relating to
theexperimentdescribed inFig.2 of the main text, and exchange ofa
heterotypicnucleosome. a, & b, Single exchange events, where the exchange
eventis preceded by SWR1binding.c, &d, Processive double exchange events.
Asingle SWR1binding event is followed by two consecutive exchange events.
(Datain (c) is from Fig. 2d of the main text, replotted here to additionally show
thedonorand acceptor trajectories.) e, Distributive double exchange event.
Following the first exchange SWR1dissociates. The second exchange is
preceded by aSWR1bindingevent. f, Ambiguous double exchange example.

Dwell (s)

SWR1eitherdissociates or photobleaches between the firstand second
exchange events. g, Schematic of three-color smFRET assay using a heterotypic
nucleosome as the substrate. Schematicis colored similarly to Fig. 2a of the
maintext. h, &i, Example trajectories showing SWR1binding and histone
exchange of aheterotypic nucleosome substrate. j, Histogram showing the
FRET before (white bars) and after (grey bars) exchange, for a heterotypic
nucleosome.k, Distribution of the time between SWR1binding and histone
exchangeyields an exchange time 0of106 + 5 s for aheterotypic nucleosome.
Reportederrorsare theerror of the fit.
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Extended DataFig. 4 |Additional dataand controlsrelating to the
experimentsinFigs.3 and 4 of the main text. a, Example fluorescence
intensity trajectory (top) and corresponding FRET trajectory (bottom)
resulting from SWR1(647N) bound to a surface immobilized nucleosome.
Theexcitationscheme used s illustrated with the magentaand green bars (top).
Afterlocating SWR1(647N) bound nucleosomes with red excitation, FRET
between the nucleosome and SWR1(647N) is monitored using green excitation.
Single step photobleaching of the acceptor and donorindicate asingle FRET
pair.b, Dwelltime plot of the dwell times in the proximal or distal bound
configurations for anucleosome containing two H2A-H2B dimers (data from
Fig.3d, replotted here to show additional details of the fit). Dwell timeis fittoa
double exponential decay. The lifetimesin the fast (t;,,) and slow (ty,,) phases
areindicated, along with the corresponding amplitudes (A, Agow)- The
lifetimes are approximately equal regardless of SWR1orientation.c, FRET
histogram of nucleosome (donor) only control displaying zero FRET in the
absence of any SWR1(647N) (acceptor).d, Example fluorescence intensity
trajectory (top) and corresponding FRET trajectory (bottom) showing
SWR1(647N) binding to a surfaceimmobilized nucleosome (indicated by *),
and subsequently flipping between dye-distal and dye-proximal orientations.
SWR1(647N) binding resultsin asmallbut detectable non-zero FRET. (Note:
suchatrajectory would notbeincluded insubsequent analysis as it does
notsatisfy the criterion of having SWR1(647N) bound at the start of data
acquisition, butis shown here toillustrate detection of SWR1(647N) binding
andflipping.) e, Schematic of the assay where the donor fluorophoreis placed
ononeofthe H2A histones: Nucleosomes (113N2) labelled with Cy3B on the
linker-distal H2A are surface immobilized. SWR1(647N) is flowed in and allowed
tobind the nucleosomes. SWR1(647N)-nucleosome interactions are monitored
viaFRET. Repositioning the FRET donor from the short DNA overhang (as used
throughout the rest of this work) to the linker-distal H2A results in lower FRET
efficiencies. Toidentify these true low-FRET values we employed alternating
laser excitation throughout the entire acquisition. f, Trajectory of adynamic
SWR1(647N) bound nucleosome showing donor emission upon donor
excitation (DD, green trace, top); acceptor emission upon donor excitation
(DA, magentatrace, top); acceptor emission upon acceptor excitation (AA,
graytrace, top). DD and DA are used for calculating apparent FRET efficiency

(gray trace, bottom). g, Idealized FRET histogram shows two major populations
of SWR1(647N)-bound nucleosomes. We observe similar ratios of the two
statesregardless of FRET donor position (c.f. Fig. 3). h, Additional smFRET
traces fromthe experiment describedin Fig.4b. i, Dwell time plot of the dwell
times in the proximal or distal bound configurations for a heterotypic
nucleosome containing one Htz1-H2B and one H2A-H2B dimer (data from
Fig.4d, replotted here to show additional details of the fit). While the time
spentonthedistalside (i.e., the side containing Htz1) is well described by a
single exponential decay, the proximal (H2A containingside) isbest fittoa
double exponential decay. Compare with (b). The lifetimes in the fast (1) and
slow (14,,) phasesareindicated, along with the corresponding amplitudes
(Afase Agiow)-J, Bulk assay showing the exchange of a canonical H2A-H2B
nucleosome (AA) compared to a heterotypic nucleosome containing one Htz1-
H2Band one H2A-H2B dimer (ZA). Theinsertion of a FLAG tagged Htz1-H2B
dimerisusedasareadout forexchange. The AA nucleosome undergoes two
consecutive rounds of exchange (indicated by the appearance of adouble band
shift). However, the ZA nucleosome can only be exchanged once (single band
shift) indicating that SWR1does not remove Htz1-H2B dimers from a
nucleosome. Representative gel of two independent experiments using
enzyme from separate purifications. For gel source data, see Supplementary
Fig.1.k, Cartoons of 113N2 heterotypic nucleosome (top) and 2N113 swapped
DNA overhang heterotypic nucleosome (bottom). The position of the Cy3
fluorophore (green circle) and biotin (orange circle) are shown. Swapping the
DNA overhang orientation with respect to the 601 positioning sequence results
inthe Htz1-H2B variant histone either being adjacent or oppositeto thelong
DNA overhang.l, Swapped DNA overhang heterotypic nucleosomes (Cy3.2N113)
containing one Htz1-H2B dimer (green) and one canonical H2A-H2B dimer
(orange) Cy3-labeled on the 2 bp overhangare surfaceimmobilized. SWR1*"Vis
flowed inand allowed to bind to the nucleosome. SWR1(647N)-nucleosome
interactionsare monitored viaFRET. m, Idealized FRET histogram shows a
main population atlow (0.1) FRET (c.f. Fig. 4c).n, Dwell time plots for the distal
to proximal (red) and proximal to distal (black) transition for a2N113 heterotypic
nucleosome. Binding to the H2A-H2B face of the nucleosome is more stable
thanbindingto the Htz1-H2B face, irrespective of the location of the long DNA
overhang.
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Extended DataFig. 5| Rastergrams summarising the nucleosome flipping
datafor different nucleosomes/hexasome, and preparation of yeast
hexasomes. a-d, Each horizontalline represents asmFRET trajectory,
ordered by photobleaching/dissociation time. Color indicates whether
SWR1isboundinthe dye-distal (green) or dye-proximal (yellow) orientations.
Thresholding (at 0.25FRET) of the idealized FRET trajectories was used to
determine the two states. Data is shown for:a, Canonical H2A-H2B 113N2
nucleosomes. b, Hexasomes 113H2 containing only one H2A-H2B dimer.

¢, Heterotypicnucleosomes113N2 containing both H2A-H2B and Htz1-H2B
histones. d, Swapped linker heterotypic nucleosomes 2N113 containing both
H2A-H2B and Htz1-H2B histones. e, Native PAGE comparing anucleosome
and hexasome sample. Representative gel of two independent preparations.
f,H3MPQ mutations required for formation of S. cerevisiae hexasomes and
heterotypic nucleosomes (see Methods) have no effect on SWR1exchange
activity as measured by bulk FRET decrease.
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Extended DataFig.7|Cryo-EM analysis of the SWR1-nucleosomein complexinconfigurationll.d, gFSC curve of the SWR1-nucleosome in
configuration I (3.8 A) and SWR1-nucleosomein configuration Il (4.7 ) configurationlvolume. e, gFSC curve of the SWR1-nucleosome configuration Il
volumes. a, Representative micrograph out of 35,076 micrographs from volume. f, Local resolution of the SWR1-nucleosome complexin configuration|.
the SWR1-nucleosome dataset. Ascale barisshownat the bottom left. g, Localresolution of SWR1-nucleosome in configurationIl. h, Overview of

b, Four representative 2D classes of SWR1-nucleosome complexin the SWR1-nucleosome complexin configurationlat 3.8 A.i, Overview of the

configurationl.c, Four representative 2D classes of SWR1-nucleosome SWR1-nucleosome complexin configurationllat4.7 A.
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Extended DataFig. 8| Details of theinteractionbetweenSwc2and the
nucleosomeinthe SWR1-nucleosomein configurationl. a, Linearized
cartoon of the Swc2 subunit, the built-in coordinates are represented in yellow.
TheHtz1-H2B binding domain (residues 1-89) and the DNA-binding domain
(residues136-345) are highlighted. b, The residues of Swc2 that binds the DNA
orinteract withthe H2A-H2B histones are highlighted The interaction between
Swc2 and the nucleosome in the SWR1-nucleosome complexin configuration1.
For simplicity, only the builtin coordinates of Swc2 and the nucleosomeis
shown. ¢, Representative density for Swc2 at contact1(contoured at2o) inthe

SWR1-nucleosomein configurationcomplex.d, Representative density

for Swc2 at contact 2 (contoured at2.50) inthe SWR1-nucleosomein
configurationlcomplex. The side chains of Swc2 thatinteracts with
nucleosomal DNAisshown. e, Representative density for Swc2 at contact #3
(contoured at 5.50).in the SWR1-nucleosomein configuration I complex.
Thesside chains of Swc2 thatinteracts with the nucleosomal DNA is shown.
f,Representative density for Swc2 at contact #4 (contoured at 30). in the SWR1-
nucleosomein configurationlcomplex. The side chains of Swc2 thatinteracts
withthebottomgyre nucleosomal DNAis shown.



Contact #4

a2 Contact #3

b Additional 2D classes of SWR1-mediated nucleosome flipping

Extended DataFig.9|Residues thatinteract with the nucleosomeare Analignment of 116 Swc2-like proteins across various species was used to
conserved between Swc2-like proteins, and additional 2D classes of generate asequencelogo to display sequence conservation. The residues of
SWRI1-mediated nucleosome flipping. a, Theinteractionbetween Swc2 and Swc2 thatbind the DNA or interact with the H2A-H2B histones are highlighted.
the nucleosomeinthe SWR1-nucleosome complexin configurationl. For b, Five additional intermediates of SWR1-mediated nucleosome flipping are

simplicity, only the built-in coordinates of Swc2 and the nucleosome areshown.  visible after 2D classification.
The four different contacts between Swc2 and the nucleosome are highlighted.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

SWRI-nucleosome SWRI-nucleosome
complex in configuration I  complex in configuration II
(EMDB-18471) (EMDB-18472)
(PDB 8QKU) (PDB 8QKYV)
Data collection and processing
Magnification 80,000 80,000
Voltage (kV) 300 300
Electron exposure (¢-/A?) 50 50
Defocus range (pm) -0.7t0-1.9 -0.7t0-1.9
Pixel size (A) 1.1 1.1
Symmetry imposed Cl Cl
Initial particle images (no.) 365,453 365,453
Final particle images (no.) 123,591 33,595
Map resolution (A) 38 4.7
FSC threshold 0.143 0.143
Map resolution range (A) 3.5t0>9.5 451t0>10.5
Refinement
Initial model used (PDB code) 6GEJ, 6GEN, AlphaFold  6GEJ, 6GEN, AlphaFold
Model resolution (A) 38 4.7
FSC threshold 0.143 0.143
Model resolution range (A) 3.510>9.5 4.51t0>10.5
Map sharpening B factor (A2) -90 -80
Model composition
Non-hydrogen atoms 45395 45846
Protein residues 4863 4840
Nucleotide 354 338
Ligands 20 20
B factors (A2)
Protein (mean) 155.71 759.39
Nucleotide (mean) 314.96 1100.1
Ligand (mean) 131.22 644.28
R.m.s. deviations
Bond lengths (A) 0.003 0.003
Bond angles (%) 0.640 0.638
Validation
MolProbity score 1.92 2.09
Clashscore 13.12 18.06
Poor rotamers (%) 0.29 0.02
Ramachandran plot
Favored (%) 95.80 95.13
Allowed (%) 4.14 4.76

Disallowed (%) 0.06 0.10
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Cell line source(s) Spodoptera frugiperda Sf9, Thermo Fisher Scientific, 11496015
Trichoplusia ni High Five, Thermo Fisher Scientific, B85502
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plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-atithentication-procedtres foreach seed stock tised-or-novel genotype generated—Describe-anyexperiments-tused-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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