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SUMMARY

Upon DNA damage, the ALC1/CHD1L nucleosome remodeling enzyme (remodeler) is activated by binding to
poly(ADP-ribose). How activated ALC1 recognizes the nucleosome, as well as how this recognition is
coupled to remodeling, is unknown. Here, we show that remodeling by ALC1 requires a wild-type acidic
patch on the entry side of the nucleosome. The cryo-electron microscopy structure of a nucleosome-
ALC1 linker complex reveals a regulatory linker segment that binds to the acidic patch. Mutations within
this interface alter the dynamics of ALC1 recruitment to DNA damage and impede the ATPase and remodel-
ing activities of ALC1. Full activation requires acidic patch-linker segment interactions that tether the remod-
eler to the nucleosome and couple ATP hydrolysis to nucleosome mobilization. Upon DNA damage, such a
requirement may be used to modulate ALC1 activity via changes in the nucleosome acidic patches.

INTRODUCTION

Packaging into chromatin creates a barrier to DNA transactions
(Lorch and Kornberg, 2017). The repeat unit of chromatin, the
nucleosome, contains ~150 base pairs (bp) of DNA wrapped
around a histone octamer (Luger et al., 1997). ATP-dependent
nucleosome remodeling enzymes (remodelers) feature a
conserved Snf2 (sucrose non-fermenter 2) family ATPase (Flaus
et al., 2006) and play vital roles in regulating accessibility to DNA
(Bartholomew, 2014; Becker and Workman, 2013; Bowman,
2010; Clapier et al., 2017; Narlikar et al., 2013; Lusser and Kado-
naga, 2003).

Many proteins interact with a negatively charged “acidic
patch” (AP), formed by histones H2A and H2B on both faces
of the nucleosome (Figure 1A), by inserting an arginine (Arg)
side chain into a pocket defined predominantly by H2A E61,
E64, D90, and E92 (McGinty and Tan, 2016; Zhou et al., 2019).
Previous studies have identified interactions between the AP
and several remodelers, including SWR1 (Willhoft et al., 2018),
INO80 (Eustermann et al., 2018; Ayala et al., 2018), BAF (He
et al., 2020), and RSC (Valencia et al., 2019; Wagner et al.,
2020; Ye et al., 2019). These structures suggested that the re-
modeler-AP interaction acts as a physical tether in the assembly
of the nucleosome-remodeler complex. Moreover, disrupting
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the AP interaction by the deletion of entire remodeler subunits
impaired remodeling (Eustermann et al., 2018; Willhoft et al.,
2018). Recently, the AP has been implicated in the activation
of imitation-switch (ISWI)-family remodelers and chromodomain
helicase DNA-binding protein 1 (Chd1) (Dann et al., 2017; Dao
et al., 2020; Gamarra et al., 2018; Goldman et al., 2010; Lev-
endosky and Bowman, 2019), and an AP-interacting basic motif
was shown to be essential for remodeling by the ISWI remodeler
SNF2h (Dao et al., 2020).

The ALC1 remodeler (Amplified in liver cancer 1) is encoded on
a chromosome region frequently amplified in hepatocarcinomas
(Ma et al., 2008; Marchio et al., 1997; Wong et al., 2003). ALCA
has been implicated in DNA damage response (Ahel et al,
2009; Chen et al., 2009; Gottschalk et al., 2009, 2012; Pines
et al., 2012; Sellou et al., 2016) and oncogenesis (Chen et al.,
2010, 2009; Ma et al., 2008; Marchio et al., 1997; Mu et al.,
2015; Pines et al., 2012; Sellou et al., 2016) and differs from other
remodelers by virtue of its macro domain, which binds poly(ADP-
ribose) (PAR) chains (Ahel et al., 2009; Gottschalk et al., 2009) at
sites of DNA damage (Hassa et al., 2006; Lindahl et al., 1995; Sa-
toh and Lindahl, 1992). PARYylation is linked with chromatin relax-
ation (Frechette et al., 1985; Leduc et al., 1986; de Murcia et al.,
1986; Poirier et al., 1982), which is thought to promote DNA
repair (D’Amours et al., 1999; ElI-Khamisy et al., 2003; Malanga
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Figure 1. The AP Is Important for Remodeling by ALC1

(A) Left: octamer surface colored by electrostatic potential (from —5 kg T/e, indicated in red, to +5 kg T/e, indicated in blue). Right: key residues of the H2A AP.
Based on PDB: 1AOI.

(B) Left: schematic of FRET-labeled wild-type (WT/WT) nucleosomes and APM/APM nucleosomes with AP mutations on both faces of the octamer. Middle:
ensemble remodeling of WT/WT and APM/APM nucleosomes (10 nM) in the presence of 20 uM ALC1" R860W. Right: relative remodeling rates. Error bars
represent SD (n = 3 independent experiments).

(C) Ensemble remodeling of WT/WT nucleosomes (10 nM) by 80 nM ALC1" R860W with or without LANA peptide.

(D) smFRET labeling and detection.

(E) ALC1" R860W-catalyzed remodeling of individual WT/WT nucleosomes toward the longer (left) or shorter (right) linker DNA.

(F) Percentages of traces with the initial remodeling direction toward longer or shorter linker DNA for WT/WT and WT/APM nucleosomes. Error bars indicate SEM
(n > 100 traces).

See also Figure S1.

and Althaus, 2005; Realini and Althaus, 1992). Initial chromatin
relaxation involves PAR polymerase 1 (PARP1) and ALC1 and
enables the PAR-dependent recruitment of additional proteins

(Smith et al., 2018). Early PAR-dependent remodeling promotes
DNA exposure but does not affect histone accessibility (Smith
et al., 2019).
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In the absence of DNA damage, the juxtaposition of the macro
domain of ALC1 against its ATPase maintains an inactive confor-
mation (Lehmann et al., 2017; Singh et al., 2017). PAR binding to
the macro domain relieves this autoinhibition upon recruitment
to DNA damage (Lehmann et al., 2017; Singh et al., 2017). How-
ever, the mechanism by which ALC1 recognizes the nucleo-
some, and how that recognition is coupled to remodeling, is
unknown.

Here, we establish that nucleosome repositioning by ALC1 re-
quires a wild-type (WT) AP on the entry side of the nucleosome.
Our cryo-electron microscopy (cryo-EM) structure of a nucleo-
some-ALC1 linker complex reveals a regulatory segment that
engages the AP via an Arg anchor. Mutation of this segment or
of the AP perturbs ATPase and remodeling activities of ALC1.
The regulatory segment thus activates remodeling by ALC1
upon recognition of its bona fide nucleosome substrate with
intact AP. We anticipate that other remodelers may use a similar
mechanism to regulate their activities by analogous interactions
between the AP and family-specific regulatory sequence motifs.

RESULTS

Nucleosome Remodeling by ALC1 Requires the Entry-
Side AP

To probe whether the nucleosome AP (Figure 1A) might regulate
ALC1, we constructed end-positioned nucleosomes with AP
mutations (APMs; alanine substitutions on H2A E61A, E64A,
D90A, and E92A) on both faces of the octamer (APM/APM nucle-
osomes). We also reconstituted end-positioned WT nucleo-
somes with intact APs (WT/WT). We detected nucleosome repo-
sitioning by a constitutively active mutant of ALC1, ALC1"
R860W (Lehmann et al., 2017; Figures S1A and S1B), using fluo-
rescence resonance energy transfer (FRET) between a Cy3
donor on H2A and a Cy5 acceptor on the octamer-proximal
DNA end (Blosser et al., 2009; Deindl et al., 2013) (Figure 1B).
To compare the remodeling of WT/WT and APM/APM nucleo-
somes under saturating concentrations of ALC1" R860W and
ATP, we first used an ensemble FRET assay (Yang et al.,
2006). Upon addition of ALC1" R860W and ATP to WT/WT nucle-
osomes, FRET decreased, consistent with DNA moving toward
the shorter linker side. The remodeling rate decreased substan-
tially (~13.7-fold) for APM/APM nucleosomes (Figure 1B), indi-
cating an important role of the AP in ALC1-induced remodeling.
We next determined the remodeling rate for WT/WT nucleo-
somes in the presence of sub-saturating concentrations of
ALC1" R860W and saturating concentrations of a peptide
derived from the latency-associated nuclear antigen (LANA) of
Kaposi’s sarcoma-associated herpesvirus. This LANA peptide
binds to the AP of the nucleosome (Barbera et al., 2006) and
has been used as a competitor to establish AP binding (England
et al., 2010; Gamarra et al., 2018). Strikingly, the LANA peptide
completely abrogated ALC1-catalyzed remodeling (Figures 1C
and S1C).

To examine how ALC1 responds to AP asymmetry, we pro-
duced asymmetric nucleosomes with distinct H2A/H2B dimers
(Levendosky et al., 2016). We first reconstituted FRET-labeled
hexasomes with 12 bp of linker DNA on one side and 78 bp on
the other side of the histone core (Figure 1D). The single H2A/
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H2B dimer in these hexasomes was homogeneously incorpo-
rated on the more bendable side of the asymmetric positioning
sequence (Levendosky et al., 2016; Lowary and Widom, 1998;
Ngo et al., 2015), the shorter linker side. We then combined these
oriented hexasomes with WT or APM H2A/H2B dimer to produce
either WT/WT or WT/APM nucleosomes (Figure 1D). These nu-
cleosomes exhibited an intermediate starting FRET value
(~0.4), providing dynamic range for movements in both direc-
tions. To monitor ALC1-catalyzed remodeling of individual WT/
WT and WT/APM nucleosomes using single-molecule FRET
(smFRET) (Blosser et al., 2009; Deindl and Zhuang, 2012; Deind|
et al., 2013), we immobilized them and detected their fluores-
cence emissions (Figure 1D). Upon addition of ALC1" R860W
and ATP (but not ATPYS; Figure S1D) to WT/WT nucleosomes,
a large fraction (62%) of single-nucleosome remodeling traces
featured an initial decrease in FRET, consistent with the ability
of ALC1 to mobilize the octamer toward the longer linker (Figures
1E, 1F, and S1E). A smaller fraction (38 %) displayed the opposite
directionality, consistent with Cy5 on the shorter linker moving
closer to the octamer. Our data, therefore, indicate a modest
preference of ALC1 to center the histone octamer by moving it
toward longer linker DNA. In stark contrast, WT/APM nucleo-
somes were almost exclusively (89%) moved toward the shorter
linker end (Figures 1F and S1E), implying that nucleosome repo-
sitioning by ALC1 critically depends on an entry-side WT AP.

A Regulatory Segment of the ALC1 Linker Binds

to the AP

To probe ALC1-histone interactions, we carried out cross-linking
coupled to mass spectrometry (XL-MS). A substantial fraction of
the cross-links observed between histones and ALC1 involved
its linker region (residues 570-703) (Figure 2A; Table S1). Consis-
tent with an as yet undefined functional role of the linker region, a
truncated fragment of ALC1 lacking ~60 amino acids of the
linker in addition to the macro domain lost the ability to decom-
pact a LacO array in vivo (Singh et al., 2017).

We next aligned the sequence of the LANA peptide (Barbera
et al., 2006) to the linker of ALC1 (Figure 2B). Strikingly, an N-ter-
minal regulatory linker segment (ALC1 RLS residues 604-624) ex-
hibited sequence similarity with LANA, including the conserved
R611 that aligns with the Arg anchor of LANA (Figure 2B). To
directly test whether ALC1RS binds to the nucleosome, we
monitored the fluorescence anisotropy of a tetramethylrhod-
amine-labeled ALC1R-S peptide (ALC17-S-TAMRA) in the pres-
ence of increasing concentrations of WT/WT nucleosomes.
WT/WT nucleosomes exhibited specific affinity for the
ALC1RS_-TAMRA peptide (Figure 2C; dissociation constant
[Kp], ~1.1 uM). Conversely, nucleosomes with AP mutations
on both H2A/H2B dimers displayed substantially reduced affinity
for the ALC1R-S-TAMRA peptide (Figure 2C), consistent with its
binding to the WT/WT AP. Next, we probed whether the LANA
peptide could compete with the ALC1R-S peptide for binding
to the nucleosome (Figure 2D). Indeed, the addition of
unlabeled ALC1F-S peptide to a pre-formed LANA-TAMRA
peptide-nucleosome complex caused a decrease in its fluores-
cence anisotropy in a dose-dependent manner (Figure 2D; see
also Figure S2A), demonstrating that ALC17™S interacts with
the AP.
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Figure 2. The ALC1 Linker Region Binds to
the AP

(A) ALC1™-histone cross-links. Magenta lines indi-
cate linker-histone cross-links: gray lines indicate
other cross-links.

(B) Sequence alignment of LANA (1-22) and ALC1
linker (601-635).
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Cryo-EM Structure of ALC1"”"S Bound to the
Nucleosome

We next determined a cryo-EM structure of the cross-linked
complex between a linker peptide and the nucleosome (Figures
2E-2G, S2B, and S2C). The map exhibited an overall resolution
of 2.5 A (Figure S2C) with visible side chain features for central
residues of ALC1R-S (Figure 2F; mean local resolution around
the linker peptide: 2.5 A). With an overall root-mean-square de-
viation (RMSD) of 0.46 A between 739 Co. pairs when compared
with the accession number PDB: 1ZLA, the nucleosome in our
model is largely undisturbed relative to previous structures (Bar-
bera et al., 2006). The ALC1R-S-AP interaction is stabilized by
nine hydrogen bonds as well as van der Waals interactions,
and ALC1RS inserts residue R611 into a pocket formed by the
al-02 helices of H2A (Figure 2F). Overall, ALC1™° engages
the AP in a manner that bears marked similarity to the binding
mode observed for LANA (Barbera et al., 2006), albeit with
reverse N- to C-terminal polarity (Figure 2G; RMSD of 1.78 Abe-
tween 11 atom pairs).

ALC1"S Plays a Crucial Role in Activating ATP
Hydrolysis and Remodeling

In order to disrupt the AP-ALC1RS interaction, we mutated the
ALC1R® Arg anchor (R611) and the adjacent residue (S612) to al-
anines. ALC1" R611A/S612A/R860W displayed a ~2.5-fold (~2-
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R611A/S612A/R860W exhibited essen-

tially identical DNA-stimulated ATPase ac-

tivity (Figure S3A). The ALC1RS mutation
also increased the Michaelis constant by a factor of ~5.3 and
decreased the maximum rate for remodeling by a factor of ~6.4
(Figure 3B). Taken together, our data indicate that ALC17S inter-
actions play a role in nucleosome binding and in the regulation of
maximum ATPase and remodeling activities of ALC1.

The AP mutation should not have a dramatic additional effect
on remodeling by ALC1 with a mutated ALC1R® if both types of
perturbations involved the same interface. Indeed, ALC1™
R611A/S612A/R860W remodeled APM/APM nucleosomes
with only moderately (by ~3.2-fold) reduced rates when
compared to WT/WT nucleosomes (Figure 3C). In contrast, a
~13.7-fold change was observed when comparing the remodel-
ing of WT/WT versus APM/APM nucleosomes by ALC1" R860W
or a ~8.2-fold change for the remodeling of WT/WT nucleo-
somes by ALC1" R860W versus ALC1" R611A/R612A/R860W
(Figure 3C). These observations are consistent with the ALC1R-S
and the AP contributing to the same interface. The observed re-
sidual sensitivity of ALC1" R611A/S612A/R860W to AP muta-
tions most likely indicates that the R611A/S612A mutation of
the regulatory linker does not completely abrogate its interaction
with the AP. We cannot formally rule out an involvement of addi-
tional AP residues beyond the ones that we mutated or a contri-
bution of additional elements of ALC1 to AP recognition. Inter-
estingly, mutation of the Arg anchor (R611Q) alone reduced the
remodeling activity of ALC1 by ~8.7-fold, close to the effect of
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Figure 3. The Linker-AP Interaction Is Important for ALC1 Activity

(A) ATPase activity for 20 uM ALC1" R860W or ALC1" R611A/S612A/R860W in the presence of 2 uM WT/WT nucleosomes. Error bars represent SD (n = 3 in-
dependent experiments).

(B) Michaelis-Menten curves of remodeling rates for WT/WT nucleosomes (10 nM) and various ALC1" R860W or R611A/S612A/R860W concentrations. Inset:
enlarged view for ALC1" R611A/S612A/R860W.

(C) Left: remodeling of 10 nM nucleosomes by 20 M remodeler. Right: relative remodeling rates. Error bars represent SD (n = 3 independent experiments). Data
for ALC1" R860W and WT/WT nucleosomes as well as for ALC1" R860W and APM/APM nucleosomes: same as indicated in Figure 1B.

(D) Left: remodeling of WT/WT nucleosomes (10 nM) in the presence of 20 uM ALC1" R860W or ALC1" R611Q. Right: relative rates for ALC1" R860W or ALC1"
R611Q. Error bars represent SD (n = 3 independent experiments). Data for ALC1" R860W and WT/WT nucleosomes: same as indicated in Figure 1B.

(E) Representative smFRET traces indicating the remodeling of individual WT/WT nucleosomes with 3 bp of linker DNA (left) by ALC1" R860W (middle) or ALc1®
R611A/S612A/R860W (right). Only pauses immediately following translocation phases with a FRET decrease were analyzed (shaded yellow).

(F) Mean pause durations for ALC1" R860W or ALC1" R611A/S612A/R860W as described in (E). Error bars represent SEM (n > 170 events).

See also Figure S3.
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the double-linker mutation (R611A/S612A) (Figure 3D). Consis-
tent with our structure, the Arg anchor, therefore, plays a partic-
ularly important role in the linker-mediated regulation of ALC1.

To probe which phase of the remodeling cycle is affected by
disrupting the ALC17-S_AP interaction, we monitored the remod-
eling of individual nucleosomes featuring only 3 bp of linker DNA
on the acceptor-labeled side (Figure 3E). As previously observed
for other remodelers (Blosser et al., 2009; Deind| et al., 2013; Ga-
marra et al., 2018; Hwang et al., 2014; Qiu et al., 2017), time
traces exhibited phases of FRET change as well as translocation
pauses. Mutation of the regulatory linker segment increased the
average pause duration by over 4-fold (Figures 3E, 3F, and S3B-
S3D), suggesting that interaction with the AP is important for ex-
iting a paused state.

To probe the impact of the ALC1RS mutation on ALC1 func-
tion in vivo, we monitored recruitment kinetics at sites of DNA
damage (Ahel et al., 2009) (Figures 4A-4D). Interestingly, both
R611A/S612A and R611Q mutations notably compromised
the overall extent of ALC1 recruitment (Figures 4A and 4B)
but only modestly delayed recruitment kinetics (Figures 4C
and 4D).

DISCUSSION
We have previously described the auto-inhibited conformation of

ALC1, but how it is activated upon nucleosome binding re-
mained unclear. In this work, we have discovered a regulatory
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Figure 4. ALC1R'S Mutations Alter Recruit-
ment Dynamics

(A) U20S cells expressing R860W, R611A/S612A/
R860W, or R611Q/R860W YFP-ALC1, imaged
upon laser damage. Scale bar, 10 um.

(B) Kinetics of R860W, R611A/S612A/R860W, and
R611Q/R860W YFP-ALC1 association with DNA
breaks. Error bars represent SEM (n > 131 traces
from 3 independent experiments). See also
Figure S4.

(C) Fractional recruitment of R860W, R611A/
S612A/R860W, and R611Q/R860W YFP-ALC1 to
DNA breaks. Error bars represent SEM (n > 131
traces from 3 independent experiments).

(D) Half times from (C). Data are means + 95%
confidence intervals.

(E) In the absence of DNA damage, association of
the macro domain of ALC1 with its C-terminal
ATPase lobe stabilizes an ATPase “OFF” state.
PAR binding to the macro domain displaces it from
the ATPase. ALC1RLS then tethers the remodeler to
the AP, which stabilizes an active conformation
(macro domain not shown) and promotes efficient
coupling of ATP hydrolysis to nucleosome
mobilization.

See also Figure S4.
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exit side
motif within the ALC1 linker that promotes
activation upon recognition of an
intact AP.

An important role for the AP was sug-
gested by ensemble experiments, where
the mutation of both APs or the addition of LANA peptide
compromised remodeling by ALC1. Our smFRET experiments
revealed its overall ability to center nucleosomes, which was
lost in the absence of an entry-side WT AP. Our cryo-EM struc-
ture of a nucleosome-ALC1 linker complex shows that the
ALC1RS engages the AP via a conserved Arg anchor in a binding
mode that closely resembles that of LANA, albeit with reverse N-
to C-terminal polarity. Importantly, the ALC1%S mutation
affected both the remodeling and ATPase rates under saturating
conditions. Although the effect was modest (~2-fold), the
R611A/S612A linker mutation did not compromise ATPase activ-
ity indiscriminately but rather in a manner specific to nucleo-
somes. ALC1"® thus appears to contribute to a modest extent
to the activation of the ALC1 ATPase, although our data do not
explain how ALC1R-S-AP interactions may promote an active
ATPase conformation. Consistent with previous observations
(Ahel et al., 2009; Gottschalk et al., 2009), the nucleosome-stim-
ulated ATPase activity of ALC1" R860W was ~1.6-fold higher
than its DNA-stimulated ATPase activity. Mutation of ALC17-S
affected the remodeling rate of ALC1 more strongly than its
ATPase activity (~6.4-fold versus ~2-fold, respectively), sug-
gesting a role of the ALC1 RLS_AP interaction in the coupling of
ATP hydrolysis to nucleosome mobilization. Live-cell imaging
showed that disrupting the ALC1-AP interaction impacts ALC1

recruitment to sites of DNA damage in vivo.
Our results demonstrate a critical role for the interaction be-
tween ALC1RLS and the AP in tethering the remodeler to the
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nucleosome and in stimulating both remodeling and, to a modest
extent, the ATPase activities of ALC1. Taken together, our data
are consistent with the following model for activation (Figure 4E):
upon recruitment to DNA damage and displacement of the
macro domain, ALC1 associates with the nucleosome (Lehmann
et al., 2017). In the fully activated state of ALC1, the AP engages
the ALC1R™S, which tethers the remodeler to the nucleosome
and promotes efficient coupling of ATP hydrolysis to remodeling.

Our work has uncovered an unexpected function of the
ALC1"S that enables full activation only upon specific recogni-
tion of a nucleosome with an intact AP. Our experiments reveal
that, with both APs intact, ALC1 exhibits a preference to center
the octamer, albeit to a lesser extent than ISWI remodelers
such as ACF and ISW2 (lto et al., 1997; Langst et al., 1999; Tsu-
kiyama et al., 1999; Varga-Weisz et al., 1997). Our data further
reveal an unexpected divergence between ALC1 and the related
Chd1 in their response to AP asymmetry. Unlike ALC1, Chd1 is
only modestly affected by AP mutations (Levendosky and
Bowman, 2019). Moreover, Chd1 responds similarly to AP muta-
tions on entry-side and exit-side H2A/H2B dimers. In stark
contrast, ALC1 depends much more strongly on a WT AP on
the entry side. For ALC1-catalyzed remodeling of nucleosomes
with AP asymmetry, net movement occurs toward the WT AP-
containing side. Our smFRET analyses suggest that the pause
phase of the remodeling cycle might serve to probe for an intact
AP. Although future studies with histone variants are required,
we speculate that, in vivo, the selective removal or blocking of
one of the two APs might locally redirect ALC1 remodeling
away from spacing and toward the disorganization of nucleo-
somes. Such remodeling may facilitate chromatin relaxation in
a DNA-damage-specific chromatin context.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

hnRNPA1 Sant Cruz Biotechnology Cat#SC-32301; RRID: AB_627729
CHD1L Cell Signaling Technology Cat#13460; RRID: AB_2798225

Bacterial and Virus Strains

E. coli Rosetta 2 (DE3) Novagen Cat#71400

E. coli BL21 (DE3) pLysS Novagen Cat#69451
Chemicals, Peptides, and Recombinant Proteins

BrdU Sigma-Aldrich Cat#B5002
Doxycycline Sigma-Aldrich Cat#MO0503-5X2MG
Blasticidin ThemoFisher Scientific Cat#A1113903
Hygromycin B ThemoFisher Scientific Cat#10687010
Zeocin ThemoFisher Scientific Cat#R25005
Lipofectamine 2000 ThemoFisher Scientific Cat#11668019

EDTA-free Complete protease inhibitor cocktail
PhosSTOP phosphatase inhibitor cocktail

Roche
Roche

Cat#COEDTAF-RO
Cat#PHOSS-RO

4x NuPAGE LDS sample buffer ThemoFisher Scientific Cat#NP0008
LANA peptide Peptide 2.0 N/A

LANA peptide-TAMRA Peptide 2.0 N/A

ALC1R-® peptide Peptide 2.0 N/A

ALC1RS peptide-TAMRA Peptide 2.0 N/A

ALC1 linker peptide-Biotin Peptide 2.0 N/A

Protease inhibitor cocktail Sigma-Aldrich Cat#5056489001
Benzonase Nuclease Sigma-Aldrich Cat#E1014
Cy3-maleimide GE Healthcare Cat#PA23031
Pyruvate Kinase/Lactic Dehydrogenase Sigma-Aldrich Cat#P0294
Trypsin Promega UK Cat#V5111
Glu-C Promega UK Cat#V165A
Deposited Data

Raw cryo-EM videos and final particle images This study EMPIAR-10465
(deposited on EMPIAR)

Nucleosome cryo-EM maps (deposited on EMDB) This study EMD-11220
Hexasome cryo-EM maps (deposited on EMDB) This study EMD-11221
Nucleosome atomic model (deposited in PDB) This study 6ZHX
Hexasome atomic model (deposited in PDB) This study 6ZHY
Experimental Models: Cell Lines

U20S Flp-In T-Rex HOST Durocher lab N/A

ALC1 —/— U20S Flp-In T-REx This paper N/A

ALC1 —/— U20S Flp-In YFP-ALC1 This paper N/A

ALC1 —/— U20S Flp-In YFP-ALC1 R860W This paper N/A

ALC1 —/— U20S Flp-In YFP-ALC1 R611A/ This paper N/A
R612AR860W

ALC1 —/— U20S Flp-In YFP-ALC1 R611Q R860W This paper N/A
Oligonucleotides

DNA oligonucleotides This paper Table S3
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

Human ALC1" (16-879) pNIC-CH2 Lehmann et al., 2017 N/A

Human PARP1 (1-1014) pET-28 Langelier et al., 2017 N/A

px459 Addgene #62988
px459 ALC1 EX3 This paper N/A
pOG44 Flp-Recombinase expression vector ThemoFisher Scientific Cat#V/600520
ALC1 WT YFP-ALC1 pDEST-YFP/FRT/TO Ahel et al., 2009 N/A

ALC1 R860W YFP-ALC1 pDEST-YFP/FRT/TO Lehmann et al., 2017 N/A

ALC1 R611A/R612AR860W YFP-ALC1 pDEST-YFP/ This paper N/A
FRT/TO

ALC1 R611Q/R860W YFP-ALC1 pDEST-YFP/FRT/TO This paper N/A

X. laevis Pet3a_H2A Geeta Narlikar Lab N/A

X. laevis Pet3a_H2B Geeta Narlikar Lab N/A

X. laevis Pet3a_H3 Geeta Narlikar Lab N/A

X. laevis Pet3a_H4 Geeta Narlikar Lab N/A

Software and Algorithms

Warp
cryoSPARC
RELION-3.1

UCSF ChimeraX
Coot

ISOLDE

Prism 8

Fiji

Image Lab 5.2.1
Andor iQ.

Adobe lllustrator 23.11

Phenix suite

Tegunov and Cramer, 2019
Punjani et al., 2017

Scheres, 2012; Zivanov et al.,
2018, 2020

Goddard et al., 2018
Casanfal et al., 2020

Croll, 2018
GraphPad Software
NIH

Bio-Rad Laboratories
Oxford Instruments

Adobe

Liebschner et al., 2019

http://www.warpem.com/warp/#
https://cryosparc.com/

https://www3.mrc-Imb.cam.ac.uk/relion/index.
php/Main_Page

https://www.rbvi.ucsf.edu/chimerax/

https://www2.mrc-Imb.cam.ac.uk/personal/
pemsley/coot/

https://isolde.cimr.cam.ac.uk/
https://www.graphpad.com/
https://imagej.net/Fiji/Downloads

https://www.bio-rad.com/en-uk/product/
image-lab-%20software?ID%20=%
20KRE6P5E8Z
https://andor.oxinst.com/products/ig-live-cell-
imaging-software/
https://www.adobe.com/uk/products/illustrator.
html

https://www.phenix-online.org/

Other

5 mL HisTrap FF

HiPrep 26/10 Desalting

5 mL HiTrap Q HP

5 mL HiTrap SP HP

HiLoad 16/600 Superdex 200 pg

5 mL HiTrap Heparin HP

HiPrep 16/60 Sephacryl S-200 HR

Superdex Peptide 3.2/300 (discontinued)

Acquity UPLC CSH C18 1.7 um, 1.0 x 100 mm column
C18 Acclaim PepMap100 5 pm, 100 um X 20 mm
nanoViper

C18 Acclaim PepMap100 3 pm, 75 pm x 250 mm
nanoViper

Pierce Monomeric Avidin Agarose resin

Quantifoil R 2/2 Cu 300 grids

GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
Waters

Thermo Scientific

Thermo Scientific

Thermo Scientific

Electron Microscopy Sciences

Cat#17525501
Cat#17508701
Cat#17115401
Cat#17115201
Cat#28989335
Cat#17040703
Cat#17116601
Cat# 29036231
Cat#176002137
Cat#164564

Cat#164569

Cat#20228
Cat#Q3100CR2
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sebastian
Deindl (sebastian.deindl@icm.uu.se).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
Raw cryo-EM videos and final particle images: accession code EMPIAR-10465. EMDB accession codes: EMD-11220 (nucleosome)
and EMD-11221 (hexasome). PDB accession codes: 6ZHX (nucleosome) and 6ZHY (hexasome).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

cDNAs for ALC1 and PARP1 were of Homo sapiens origin. Histone proteins (recombinantly expressed in E. coli) were of Xenopus
laevis origin. Cell lines as well as growth conditions are described in the Method Details.

METHOD DETAILS

Cloning, plasmids, and cell lines

Oligonucleotides used in this study were ordered from IDT (see Table S3). The ALC1" (16-879) construct contains the human
ALC1 sequence and a 6xHis-tag, as previously published (Lehmann et al., 2017). All point mutations were generated by PCR-based
site-directed mutagenesis. The plasmid for human PARP1 (1-1014) with an N-terminal 6xHis-tag was a kind gift from John M. Pascal
(Langelier et al., 2017).

U20S Flp-In T-REXx cells were a kind gift from Durocher lab and maintained in DMEM medium (GIBCO/Thermo Fisher) supple-
mented with 10% FBS and Pen/Strep with 15.5 pg/ml zeocin (Invitrogen) and 4 pg/ml blasticidin. CRISPR inactivation of ALC1
was carried out in Flp-In T-REx U20S cells by transiently expressing Cas9 and gRNA targeting Exon3 of ALC1 F-oligo: CACCGCAG
GAAGATTAAATGATGAA R-oligo: AAACTTCATCATTTAATCTTCCTGC with px459 (addgene) (Ran et al., 2013). Single cell clones
were grown by limiting dilution and then screened for ALC1 expression by western blot. For in vivo experiments, an YFP-labeled
construct of ALC1 (YFP-ALC1 pDEST-YFP/FRT/TO) was used, previously generated by amplification from a human HelLa cDNA li-
brary and subsequent cloning by Gateway LR reaction (Ahel et al., 2009). ALC1 linker-mutations R611Q and R611A/S612A were
introduced into ALC1 R860W YFP-ALC1 pDEST-YFP/FRT/TO (from Lehmann et al., 2017) by quick-change mutagenesis. Inducible
YFP-ALC1 cell lines were generated using the Flp-In T-REx system (Invitrogen) as described in the manufacturer’s protocol. Each
YFP/FRT/TO construct was co-transfection with the pOG44 vector (Flp recombinase) into ALC1 —/— U20S host cell lines. Recom-
bination events were selected with 250 png/ml hygromycin B (ThermoScientific).

DNA constructs

The DNA constructs used in the nucleosome assembly for single-molecule and ensemble remodeling studies comprised the Widom
601 nucleosome positioning sequence (Lowary and Widom, 1998) as well as either 3 bp or 12 bp of linker DNA on one side and
78 bp on the other side (for the single-molecule remodeling construct) or 63 bp of linker DNA on one side and no linker DNA on
the other side (for the ensemble remodeling construct). All constructs were 5'-labeled with Cy5 on the short linker end. The con-
structs for single-molecule experiments additionally featured a biotin on the long linker end. DNA constructs were generated by
PCR using HPLC-purified labeled oligonucleotide primers (IDT), followed by PAGE purification of the PCR product using a BioRad
MiniPrep Cell or Prep Cell apparatus. The DNA constructs for the assembly of nucleosomes used in fluorescence anisotropy ex-
periments and ATPase assays comprised the Widom 601 positioning sequence without additional linker DNA (for the fluorescence
anisotropy construct) or 63 bp of linker DNA on one side and no linker DNA on the other side (for the ATPase assay construct). Both
constructs were purified as described above.

Peptides
The following peptides were purchased from Peptide 2.0:

LANA peptide: MAPPGMRLRSGRSTGAPLTRGS
LANA peptide-TAMRA: MAPPGMRLRSGRSTGAPLTRGSK-/TAMRA/

ALC1RS peptide: EKASQEGRSLRNKGSVLIPGL

ALC1R® peptide-TAMRA: EKASQEGRSLRNKGSVLIPGLK-/TAMRA/

ALC1 linker peptide-Biotin: EKASQEGRSLRNKGSVLIPGLVEGSTKRKRVLSPEEK-/Biotin/
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ALC1 expression and purification

All ALC1 constructs were expressed and purified as previously described (Lehmann et al., 2017). In brief, proteins were expressed in
Rosetta 2 (DE3) cells (Novagen) and induced at 18°C overnight with 0.5 mM IPTG at ODgqo = 2.0. For the purification, cell pellets were
resuspended in Nickel column buffer A (20 mM HEPES pH 7.5, 500 mM NaCl, 20 mM imidazole, 10% glycerol, 5 mM B-mercaptoe-
thanol), containing a protease inhibitor cocktail (Roche) and Benzonase Nuclease (Sigma). The cells were lysed using a sonicator,
centrifuged, and the resulting supernatant was filtered through a 0.45 um filter and purified over a 5 mL HisTrap FF column (GE Health-
care). Peak fractions were pooled and desalted using a HiPrep 26/10 desalting column (GE Healthcare) into S column buffer (20 mM
MES pH 6.0, 300 mM NaCl, 10% glycerol, 1 mM DTT). The protein was loaded onto a 5 mL SP HP column (GE Healthcare), witha 5 mL
Q HP column (GE Healthcare) attached in tandem to trap contaminating DNA, and eluted with a linear salt gradient. Peak fractions were
injected onto a HiLoad 16/600 Superdex 200 pg column (GE Healthcare) equilibrated with 20 mM MES pH 6.5, 300 mM NaCl, 5% glyc-
erol, and 0.5 mM TCEP. The final protein was concentrated to typically 10 mg/ml, flash frozen in liquid nitrogen, and stored at —80°C.

PARP1 expression and purification

Full-length human PARP1 was expressed and purified as previously described (Langelier et al., 2017). In brief, the PARP1 construct
was introduced in Rosetta 2 (DE3) cells (Novagen) that were grown in the presence of 10 mM benzamide to ODggg = 0.8-1.0 at 37°C
and after the addition of ZnSQO, (final conc. 0.1 mM), expression was induced at 16°C overnight with 0.2 mM IPTG. For the purifica-
tion, cell pellets were resuspended in resuspension buffer (25 mM HEPES pH 8, 500 mM NaCl, 0.5 mM TCEP, 10 mM benzamide and
0.1% NP-40), containing a protease inhibitor cocktail (Roche). The cells were lysed using a sonicator, centrifuged, and the resulting
supernatant was filtered through a 0.22 um filter and loaded on to a 5 mL HisTrap FF column (GE Healthcare) equilibrated with equil-
ibration buffer (25 mM HEPES pH 8, 500 mM NaCl, 0.5 mM TCEP). After consecutive washes with Low Salt and High Salt Wash
buffers (25 mM HEPES pH 8, 500 mM (low)/1 M (high) NaCl; 0.5 mM TCEP, 20 mM imidazole and protease inhibitor cocktail) protein
was eluted using elution buffer supplemented with 400 mM imidazole. Peak fractions were pooled and diluted with No Salt Heparin
buffer (50 mM Tris pH 7.0, 1 mM EDTA, 0.1 mM TCEP) to a final salt concentration of 375 mM NaCl prior to loading the protein onto a
5 mL HiTrap Heparin HP column (GE Healthcare) equilibrated with 375 mM NaCl containing Low Salt Heparin buffer. Protein was
eluted using a linear salt gradient. Peak fraction were pooled, filtered through a 0.22 um filter and loaded onto a HiPrep 16/60
Sephacryl S-200 HR (GE Healthcare) column equilibrated with gel filtration buffer (25 mM HEPES pH 8.0, 150 mM NaCl, 1 mM
EDTA, 0.1 mM TCEP). The final protein was concentrated to 30 mg/ml and after flash freezing in liquid nitrogen stored at —80°C.

Histone expression and purification

Recombinant histones (H2A, H2A K120C, H2A APM, H2A APM K120C, H3 C110A and H4) from Xenopus laevis were purified essen-
tially as described previously (Klinker et al., 2014). In brief, proteins were expressed in BL21 (DE3) pLysS (Novagen) cells and induced
at ODggo = 0.6-0.8 for 2 h at 37°C with 1 mM IPTG. The cell pellets were resuspended in 40 mM NaOAc pH 5.2, 1 mM EDTA, 10 mM
lysine, 200 mM NaCl, 5 mM B-mercaptoethanol, 6 M urea, and a protease inhibitor cocktail (Roche). Once homogenized, the cells
were lysed using a sonicator, centrifuged, and the resulting supernatant was filtered through a 0.45 um filter and purified over a
5 mL SP HP column (GE Healthcare), with a 5 mL Q HP column (GE Healthcare) attached in tandem to trap contaminating DNA
and eluted with a salt gradient. Peak fractions were dialyzed overnight against cold water. The dialysate was mixed with Tris pH
8.0 to a final concentration of 15 mM and then passed over a 5 mL Q HP column (GE Healthcare). The final protein was concentrated
to 5 mg/ml, flash frozen in liquid nitrogen, and stored at —80°C.

Histone labeling

Histones H2A K120C and H2A APM K120C were site-specifically labeled at cysteine residue 120 with Cy3-maleimide (GE Health-
care) as previously described (Yang et al., 2006; Blosser et al., 2009). In brief, one mg of histone protein was diluted in labeling buffer
(20 mM Tris pH 7.0, 7 M guanidine-HCI, 5 mM EDTA, 1.25 mM TCEP) and incubated for 2 h at room temperature in the dark. Cy3-
maleimide was dissolved in DMSO and added to the protein at a final concentration of 0.75 mM. After 3 h in the dark at room tem-
perature, the reaction was quenched with a final concentration of 80 mM B-mercaptoethanol. The labeled protein was dialyzed nine
times against dialysis buffer (20 mM Tris pH 7.0, 7 M guanidine-HCI, 1 mM DTT) and then used directly in an octamer assembly.

Histone octamer assembly

The four histones were combined at a molar ratio 1.2:1.2:1:1 (H2A:H2B:H3:H4), unfolded in 400 mM Tris pH 7.5, 7 M guanidine-HCI,
200 mM DTT and the histone octamer was assembled by dialyzing three times against refolding buffer (10 mM Tris-HCI pH 7.5, 2 M
NaCl, 1 mM EDTA, and 5 mM B-mercaptoethanol). The assembly reaction was filtered through a 0.22 um filter and loaded onto a
HiLoad 16/600 Superdex 200 pg column (GE Healthcare) equilibrated with refolding buffer. Peak fractions were pooled, concentrated
to 3 mg/ml, flash frozen in liquid nitrogen, and stored at —80°C.

Nucleosome assembly

Mononucleosomes were reconstituted from the DNA constructs and histone octamer (detailed above) by salt dialysis (Dyer et al.,
2004). Nucleosomes for FRET-based assays were additionally subjected to PAGE purification using a BioRad MiniPrep Cell or
Prep Cell apparatus.
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ATPase activity measurements

ATPase activity was measured using a coupled assay that measures ADP production as described previously, (Willhoft et al., 2016).
Final concentrations of 0.45 mM NADH, 1.0 mM phosphoenolpyruvate, 54 U/ml pyruvate kinase (Sigma), and 78 U/ml lactic dehy-
drogenase (Sigma) were used. For measurements of nucleosome-stimulated ATPase activity, reactions contained 20 uM ALC1, 2 uM
WT/WT nucleosomes, and 1 mM ATP in a volume of 30 ul. Fluorescence was monitored (excitation wavelength: 340 nm; emission
wavelength: 430 nm) at 37°C using a CLARIOstar microplate reader (BMG Labtech) and black low-volume 384-well microplates
(Corning). For measurements of DNA-stimulated ATPase activity, the absorbance was monitored at 340 nm for reactions containing
a final of 1 uM ALC1 and either 20 uM or 50 uM 145 bp nucleosomal double-stranded (ds) DNA in 100 pl. Reaction rates were deter-
mined using mean linear slopes. For measurements of nucleosome-stimulated ATPase activity, we estimated Vpmax for both ALC1"
R860W and ALC1" R611A/S612A/R860W using the Michaelis-Menten equation and the K., values that we obtained from nucleo-
some sliding kinetics in Figure 3B. Based on Vpay, the difference in nucleosome-stimulated ATPase activity is ~2-fold lower for ALC1"
R611A/S612A/R860W compared to ALC1" R860W (rather than ~2.5-fold).

Fluorescence anisotropy binding assay

For binding studies, we used nucleosomes without linker DNA (WT/WT or APM/APM) as well as the following synthetic peptides (as
detailed above): LANA peptide-TAMRA, ALC1RS peptide-TAMRA, and ALC1™-® peptide. Fluorescence anisotropy measurements
were carried out at 30°C using a CLARIOstar microplate reader (BMG Labtech). Binding curves were recorded in black low-volume
384-well assay plates (Corning). Individual wells contained 10 nM peptide and the indicated concentration of nucleosomes in 15 mM
HEPES pH 7.5, 1 mM EDTA, 5% glycerol, and 1 mM DTT. Dissociation constants were determined by fitting the fluorescence anisot-
ropy data to the solution of a quadratic equation derived from the binding isotherm, which took into account depletion of peptide:

r=a ((A +Kp+B) — \/(A +Kp+ B)2 —4AB ) , where r is the fluorescence anisotropy, A represents the total concentration of pep-

tide, a is a scaling factor, Ky, is the dissociation constant, and B is the total concentration of titrated ligand. For competition binding
experiments, WT/WT nucleosomes (100 nM) were incubated with LANA-TAMRA peptide (10 nM) prior to the addition of varying con-
centrations of unlabeled ALC1RS peptide.

Ensemble FRET assay for nucleosome remodeling

Nucleosome ensemble remodeling kinetics were measured by monitoring the Cy5 (under 620 nm and 520 nm excitation) and Cy3
(under 520 nm excitation) fluorescence emission signals of a solution of FRET-labeled nucleosomes using a Spark (Tecan) or CLAR-
IOstar (BMG Labtech) multimode microplate reader. Ensemble nucleosome remodeling assays were performed with 10 nM nucle-
osomes, varying concentrations of ALC1 as indicated, 1 mM MgCl, and 1.5 mM ATP in remodeling buffer (20 mM HEPES pH 7.5,
50 mM KCI, 5 mM MgCl,, 5% sucrose, 0.1 mg/ml BSA, 1 mM DTT). Where indicated, PARP1 was PARYylated prior to nucleosome
remodeling by incubating (in remodeling buffer at 37°C for 5 min) 80 nM or 5 uM PARP1 with 120 nM or 7.5 pM nucleosomal DNA
as well as 50 uM or 100 uM NAD", for reactions with 80 nM or 5 uM ALC1, respectively. For remodeling assays in the presence
of LANA peptide, 10 nM nucleosomes were incubated with 80 uM LANA peptide at room temperature for 5 min prior to the addition
of MgCl, and ALC1. Remodeling rates were obtained as initial slopes of the remodeling curves. Reaction kinetics were analyzed
assuming a standard Michaelis-Menten mechanism.

Single-molecule FRET remodeling

Using the DNA constructs for single-molecule FRET described above, we first generated oriented hexasomes with H2A-Cy3 on the
short linker side using a salt dialysis method as described previously (Dyer et al., 2004; Levendosky et al., 2016; Sabantsev et al.,
2019). Nucleosomes were then reconstituted by adding a 3-fold excess of WT or APM H2A/H2B (final concentration of dimer
1.2 uM) to purified hexasomes and incubating the mixture at 37°C for 10 min (Levendosky et al., 2016). This allowed for the controlled
incorporation of the Cy3 label and AP mutations in a specific orientation (Figure 1D). Labeled nucleosomes were immobilized on a
PEG (poly[ethylene glycol])-coated quartz slide using biotin-streptavidin interactions (Deindl et al., 2013). Cy3 and Cy5 fluorophores
were excited with 532 nm Nd:YAG and 638 nm diode lasers, respectively, and fluorescence emissions from Cy3 and Cy5 were de-
tected using a custom-built prism-based TIRF microscope. To check the presence of an intact donor fluorophore, the sample was
alternately excited with 532 nm and 638 nm lasers during the experiment. Data acquisition was controlled using MicroManager (Edel-
stein et al., 2010). Data were analyzed using custom scripts for the Fiji distribution of Imaged (Schindelin et al., 2012; Schneider et al.,
2012), IDL, and MATLAB (Sabantsev et al., 2019). The initial remodeling direction was determined by visual inspection of the FRET
traces. Remodeling experiments were carried out in the imaging buffer containing 40 mM Tris pH 7.5, 12 mM HEPES pH 7.9, 60 mM
KCl, 0.32 mM EDTA, 3 mM MgCl,, 100 pg/mL acetylated BSA (Promega), 10% (v/v) glycerol, 10% (w/v) glucose, 2 mM Trolox to
reduce photoblinking of the dyes (Rasnik et al., 2006), as well as an enzymatic oxygen scavenging system (composed of 800 pg/
ml glucose oxidase and 50 pg/ml catalase). Using a syringe pump (Harvard Apparatus), remodeling was initiated by infusing the sam-
ple chamber with imaging buffer supplemented with ALC1" R860W (2.5 uM), ATP (1 mM) and MgCl, (1 mM). The nucleosomes used
for the quantification of remodeling directionality (Figure 1D) exhibited an intermediate starting FRET value of ~0.4. Upon remodeling,
a subset of time traces displayed an intial FRET increase, followed by a subsequent FRET decrease after reaching the maximum
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FRET value. Such a FRET signature could be caused by unidirectional remodeling that proceeds beyond the DNA end rather than by
achange in remodeling direction. As soon as the end of the FRET dynamic range is reached (a maximum FRET value in this case), we
cannot reliably distinguish between these two cases. For this reason, we limited our analyses to the initial portions of the time traces
(before the edges of the FRET dynamic range are reached) that can be unambiguously interpreted.

Most traces exhibit repeated directional switching, which might be caused by two ALC1 molecules bound at opposing sides of the
same nucleosome taking turns in remodeling it. Alternatively, such non-monotonous FRET changes could also be due to the consec-
utive binding of ALC1 molecules in different orientations, or stem from the same ALC1 molecule switching between the two opposing
binding sites within a single binding event, as has been observed for Chd1 (Qiu et al., 2017). We note that our data do not allow us to
distinguish between these scenarios.

The unusually long pauses observed for ALC1" R611A/S612A/R860W predominantly represent pauses in translocation by the
same remodeler as opposed to separate remodeler binding events, based on the following considerations. First, the average pause
duration was 2.8-fold shorter than the average binding time for the remodeler at a concentration of 20 uM. Second, lowering the re-
modeler concentration by a factor of 4 produced only a minor (30%) increase in the observed pause duration.

Cross-linking coupled to mass spectrometry

For cross-linking coupled to mass spectrometry, instead of ALC1" R860W we used ALC1" R857Q because that mutant could be pro-
duced in the required larger quantities. Importantly, biochemical and cell-based approaches have previously shown that both the
R857Q and R860W mutations affect the same electrostatic interface and can be used interchangeably to render ALC1 constitutively
active independent of PARP1 activation (Lehmann et al., 2017). ALC1" R857Q-nucleosome complexes were cross-linked by incu-
bation with a 100-fold molar excess of N-hydroxysuccinimide (NHS) ester disuccinimidyl dibutyric urea (DSBU, formerly BuUrBu)
for 45 min at room temperature. The reactions were quenched by adding NH4HCO3 to a final concentration of 50 mM and incubating
for an additional 15 min. The cross-linked samples were freeze-dried and resuspended in 50 mM NH4HCO3, reduced with 10 mM
DTT, and alkylated with 50 mM iodoacetamide. Following alkylation, proteins were digested with trypsin (Promega, UK) at an
enzyme-to-substrate ratio of 1:20 overnight at 37°C or sequentially with trypsin and Glu-C (Promega, UK) at an enzyme-to-substrate
ratio of 1:20 and 1:50 at 37°C and 25°C, respectively. The samples were acidified with formic acid to a final concentration of 2% (v/v),
split into two equal amounts for peptide fractionation by peptide size exclusion chromatography (SEC) and reverse phase C18 high
pH chromatography (C18-Hi-pH). For SEC, a Superdex Peptide 3.2/300 column (GE Healthcare) with 30% (v/v) acetonitrile/0.1%
(v/v) TFA as the mobile phase and a flow rate of 50 pl/min were used, and fractions were collected every 2 min over an elution volume
of 1.0 ml to 1.7 ml. C18-Hi-pH fractionation was carried out on an Acquity UPLC CSH C18 1.7 um, 1.0 X 100 mm column (Waters)
over a gradient of acetonitrile 2%-40% (v/v) and 100 mM NH4HCOg3. Fractions were lyophilized and resuspended in 2% (v/v) aceto-
nitrile and 2% (v/v) formic acid and analyzed by nano-scale capillary LC-MS/MS using an Ultimate U3000 HPLC (ThermoScientific
Dionex, USA) to deliver a flow of approximately 300 nl/min. A C18 Acclaim PepMap100 5 um, 100 pm x 20 mm nanoViper (Thermo-
Scientific Dionex, USA) trapped the peptides before separation on a C18 Acclaim PepMap100 3 um, 75 um x 250 mm nanoViper
(ThermoScientific Dionex, USA). Peptides were eluted with an acetonitrile gradient. The analytical column outlet was directly
interfaced via a nano-flow electrospray ionisation source, with a hybrid quadrupole orbitrap mass spectrometer (Q-Exactive
HF-X, ThermoScientific, USA). MS data were acquired in data-dependent mode. High-resolution full scans (R = 120,000, m/z
350-2000) were recorded in the Orbitrap followed by higher energy collision dissociation (HCD) (stepped collision energy 30 + 3)
of the 10 most intense MS peaks. MS/MS scans (R = 45,000) were acquired with a dynamic exclusion window of 20 s.

For data analysis, Xcalibur raw files were converted into the MGF format through MSConvert and used directly as input files for
MeroX2. Searches were performed against an ad hoc protein database containing the sequences of the complexes and a set of ran-
domized decoy sequences generated by the software. The following parameters were set for the searches: maximum number of
missed cleavages 3; targeted residues K, S, Y and T; minimum peptide length 5 amino acids; variable modifications: carbamido-
methyl-Cys (mass shift 57.02146 Da), Met-oxidation (mass shift 15.99491 Da); DSBU modification fragments: 85.05276 Da and
111.032083 (precision: 5 ppm MS1 and 10 ppm MS2); False Discovery Rate cut-off: 5%. Finally, fragmentation spectra were manually
inspected and validated.

Cryo-EM sample preparation

A biotinylated ALC1 linker peptide was added to core nucleosomes (without any linker DNA on either side of the histone octamer) at
10-fold molar excess in the reaction buffer (15 mM HEPES pH 7.5, 1 mM EDTA, 1 mM DTT). After 10 min of incubation on ice, the
complex was cross-linked with 0.05% glutaraldehyde for 5 min on ice. The cross-linking reaction was quenched by adding 1 M
Tris-HCI pH 7.5 and the sample was dialyzed against purification buffer (15 mM HEPES 7.5, 150 mM NaCl, 1 mM EDTA, 5% glycerol,
0.01% NP-40, 1 mM DTT) for one hour at 4°C. After dialysis, the sample was applied onto a column custom-packed with Pierce
Monomeric Avidin Agarose resin (Thermo Scientific) and incubated for 30 min to allow binding to the column. Washing and elution
steps were performed with a controlled flow rate of 0.1 ml/min. The cross-linked complex between the nucleosome and biotinylated
ALCH1 linker peptide was eluted with the same purification buffer supplemented with 2 mM biotin. Fractions containing the complex
were identified by native PAGE, pooled, concentrated, and buffer-exchanged using a 30 kDa cut-off spin concentrator in cryo-EM
buffer (15 mM HEPES pH 7.5, 50 mM NaCl, 1 mM DTT). Quantifoil R 2/2 Cu 300 grids (Electron microscopy sciences) were glow-
discharged at 20 mA for 60 s (PELCO easiGlow). 3 ul of the sample at 6.4 uM were applied onto grids and immediately blotted for
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2.5 s. Sample application and blotting was repeated once more before rapid plunge-freezing into liquid ethane, using a Vitrobot Mark
IV (Thermo Scientific) operated at 100% relative humidity and 4°C.

Cryo-EM data collection and processing

Cryo-EM data were collected at the Karolinska Institutet 3D-EM facility (Stockholm, Sweden) using a Titan Krios G3 microscope
operated at 300 kV and equipped with a Gatan K3 Bioquantum detector and a GIF Quantum LS energy filter (slit width 20 eV). Movies
were recorded in counting mode, gain-corrected, at a calibrated pixel size of 0.654 A/pixel, with a total exposure of 50.4 electrons/A?
fractionated over 60 movie frames (resulting in an exposure per frame of 0.84 electrons/ﬂz/frame). Motion correction, CTF estimation
and particle picking were performed during data collection using Warp (Tegunov and Cramer, 2019). A subset of the particles ex-
tracted by Warp were imported into cryoSPARC (Punjani et al., 2017) for evaluation by 2D and 3D classification. The entire dataset
was then reprocessed in RELION-3.1.0 (Scheres, 2012; Zivanov et al., 2018, 2020). Motion correction was performed using Motion-
Cor2 version 1.3.1 (Zheng et al., 2017) and CTF estimation was performed using Gctf version 1.18b2 (Zhang, 2016), both from within
RELION. Particle coordinates from Warp were imported into RELION. Unsuitable particles were excluded after one round of refer-
ence-free 2D classification. The initial 3D model was generated from the data using the InitialModel (stochastic gradient descent)
procedure in RELION. Unsuitable particles were further excluded in six rounds of 3D classification, without any symmetry constraints
applied (C1). Round 3 of 3D classification identified two sets of particles corresponding to a nucleosome with both APs occupied by a
peptide and a hexasome with its single AP occupied by a peptide. These two classes were independently subjected to 3D refinement,
CTF refinement (in three successive steps: beam tilt and higher-order aberrations, anisotropic magnification, and per-particle defo-
cus plus per-micrograph astigmatism), 3D refinement, Bayesian polishing and a final 3D refinement (Figure S2; Table S2). Consistent
with complex preparation by first saturating the nucleosome with ALC1 linker peptide, followed by crosslinking and purification of
nucleosomes-peptide complexes, all nucleosome particles had two peptides bound, occupying the APs on both sides of the nucle-
osome. The dataset contains neither unbound nucleosomes, nor nucleosomes with only one AP occupied. Our dataset also contains
hexasomes (nucleosomes lacking one H2A-H2B dimer), since partial nucleosome disassembly upon vitrification is a common phe-
nomenon (Bilokapic et al., 2018). Interestingly, the hexasome class also displayed density from the bound ALC1 linker peptide on the
remaining H2A/H2B dimer, supporting our in vitro characterization of cross-linking efficiency: because the affinity of the peptide for
the AP is much lower than that of the H2A/H2B dimer for the hexasome, we would not expect to see density for the peptide under
conditions that lead to dissociation of one H2A/H2B dimer, yet we observe such density here, consistent with efficient cross-linking.
The local resolution was estimated with RELION’s local Fourier Shell Correlation procedure.

Model building and refinement

We built a model of a nucleosome with both APs bound by the ALC1 linker peptide from PDB entries 3LZ0 (nucleosome with Xenopus
laevis histones and Widom 601 DNA) (Vasudevan et al., 2010) and 1ZLA (LANA peptide) (Barbera et al., 2006) and performed rigid-
body fitting of this model into our cryo-EM map using UCSF ChimeraX version 0.93 (Goddard et al., 2018). The resolution of our maps
allowed us to distinguish between the two asymmetric sides of the 601 sequence, so we oriented the nucleosome model properly into
the map in the orientation that gave the best model-to-map real-space correlation coefficient. We edited the LANA peptide sequence
to match the ALC1 linker peptide and deleted residues not supported by density in our cryo-EM map, using Coot version 0.9-pre-855
(Casanal et al., 2020). We finally performed flexible fitting of the model into the cryo-EM map using ISOLDE version 1.0b5 (Croll,
2018). The resulting refined model was then rigid-body fit into the hexasome map, the H2A, H2B and ALC1 linker peptide chains
were deleted from the model on the side of the hexasome map devoid of density for these chains, DNA nucleotides not supported
by density were also deleted from the model (corresponding to the more easily unwrapped side of the 601 sequence), and the result-
ing hexasome model was subjected to flexible fitting in ISOLDE. For more details on the model building, see also Supplemental
Methods. Model-to-map real space correlation coefficients and model geometry statistics were calculated with phenix.validation_-
cryoem, from the Phenix suite version 1.18.2-3874 (Liebschner et al., 2019). Model validation statistics are presented in Table S2.

Whole-cell extracts and immunoblotting

For whole cell lysates, PBS washed cells were lysed in RIPA Buffer (10 mM Tris-Cl pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, 1x phosphatase mix (Phos-Stop, Roche) and complete EDTA-free
protease inhibitor mix (Roche)) on ice for 20 min. Lysates were sonicated with a probe at medium intensity for 5 s in a Soniprep
150 instrument and clarified by centrifugation at 13000 xg for 10 min at 4°C. Proteins were denatured in 2X NUPAGE LDS sample
buffer (Invitrogen) and 1% 2-metcaptoethanol (Sigma-Aldrich) for 5 min at 95°C. Proteins were separated by SDS-PAGE using Nu-
PAGE mini gels (Invitrogen) and transferred onto 0.4 PVDF (Millipore). Membranes were blocked with 5% skim milk/PBST (PBS/0.1%
Tween-20) for 1 h at room temperature and probed with ALC1 1:1000 (Cell Signaling Technology), hnRNPA1 1:3000 (Sant Cruz
Biotechnology) primary antibodies overnight at 4°C. Membranes were then washed 3 times for 10 min with PBST, incubated with
appropriate secondary antibodies conjugated to a horseradish peroxidase (HRP) for 1 h at room temperature and washed again 3
times for 10 min with PBST. Immunoblots were developed using Clarity or Clarity Max Western ECL Substrate (Bio-Rad).
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Laser damage

Cells were seeded on 8 well Lab-Tek chamber slides (Thermo Fisher Scientific). Cells were pre-sensitized with 10 uM BrdU and
treated with 1 ng/ml doxycycline 24 hours prior to imaging. Cells were transferred to an Nikon Ti-E with: Andor FRAPPA unit, Yoko-
gawa CSU-X spinning disk scanhead, Andor iXon 897 EM-CCD camera with a heat and atmosphere controlled incubator from OKO
labs. Laser micro-irradiation was performed with a 405 nm laser focused through a 60x 1.45 NA TIRF lens. Laser power was set to
50% and regions of interest (ROIs) were bleached for 20 iterations. In order to monitor the association kinetics of YFP-tagged ALC1 at
sites of laser micro-irradiation, the time evolution of YFP fluorescence in the damaged region of interest was recorded upon excitation
with a 488 nm laser. Recruitment of YFP to bleached ROIs was analyzed in FIJI (Schindelin et al., 2012) and data were processed in R.
In brief, nuclear masks were segmented by local thresholding. FRAPped nuclei were identified by overlap of the nuclear mask with a
bleached ROI. Nuclei with a circularity score less of than 0.4 were excluded from the analysis or if they contained multiple ROls. In
order to quantify recruitment, the mean YFP fluorescence intensities at a given time point t () were normalized to the mean initial
fluorescence intensities I of the same region of interest. Normalized intensities were additionally multiplied with BGlo/BGl, to correct
for photobleaching, where BGI represents the background fluorescence intensity. In order to compare association rates, the time
course of fractional recruitment was determined as (Ii-1o)/(Imax-lo). Association kinetics were fit with a single-exponential (one-phase
association) to obtain half-time constants.

QUANTIFICATION AND STATISTICAL ANALYSIS

For fluorescence anisotropy binding experiments, the reported values represent the mean + SEM from 3 independent experiments.
For ATPase activity measurements, the reported values represent the mean + standard deviation from 3 independent experiments.
For ensemble nucleosome remodeling time courses, each experimental condition was recorded in 3 independent experiments, and
representative remodeling time courses are shown. Relative remodeling rates derived from these curves represent the mean + stan-
dard deviation from 3 independent experiments. For smFRET experiments, values are reported as mean + SEM from several exper-
iments as specified in the corresponding figure legends. For association kinetics from live-cell imaging, error bars represent SEM
from N > 131 traces from 3 independent experiments.
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