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Structural basis of histone H2A lysine 119
deubiquitination by Polycomb repressive
deubiquitinase BAP1/ASXL1
Jonathan F. Thomas1†, Marco Igor Valencia-Sánchez1†, Simone Tamburri2,3, Susan L. Gloor4,
Samantha Rustichelli2, Victoria Godínez-López1, Pablo De Ioannes1, Rachel Lee1,
Stephen Abini-Agbomson1, Kristjan Gretarsson5, JonathanM. Burg4, Allison R. Hickman4, Lu Sun4,
Saarang Gopinath4, Hailey F. Taylor4, Zu-Wen Sun4, Ryan J. Ezell4, Anup Vaidya4,
Matthew J. Meiners4, Marcus A. Cheek4, William J. Rice6, Vladimir Svetlov1,7, Evgeny Nudler1,7,
Chao Lu5, Michael-Christopher Keogh4, Diego Pasini2,3, Karim-Jean Armache1*

Histone H2A lysine 119 (H2AK119Ub) is monoubiquitinated by Polycomb repressive complex 1 and deubiquiti-
nated by Polycomb repressive deubiquitinase complex (PR-DUB). PR-DUB cleaves H2AK119Ub to restrict focal
H2AK119Ub at Polycomb target sites and to protect active genes from aberrant silencing. The PR-DUB subunits
(BAP1 and ASXL1) are among the most frequently mutated epigenetic factors in human cancers. How PR-DUB
establishes specificity for H2AK119Ub over other nucleosomal ubiquitination sites and how disease-associated
mutations of the enzyme affect activity are unclear. Here, we determine a cryo-EM structure of human BAP1 and
the ASXL1 DEUBAD in complex with a H2AK119Ub nucleosome. Our structural, biochemical, and cellular data
reveal the molecular interactions of BAP1 and ASXL1 with histones and DNA that are critical for restructuring the
nucleosome and thus establishing specificity for H2AK119Ub. These results further provide a molecular expla-
nation for how >50 mutations in BAP1 and ASXL1 found in cancer can dysregulate H2AK119Ub deubiquitina-
tion, providing insight into understanding cancer etiology.
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INTRODUCTION
Breast cancer type 1 susceptibility protein (BRCA1)–associated
protein 1 (BAP1) is a conserved ubiquitin (Ub) C-terminal hydro-
lase responsible for deubiquitinating monoubiquitinated H2AK119
(H2AK119Ub), a histone posttranslational modification (PTM) as-
sociated with gene silencing (1, 2). BAP1 deubiquitinase (DUB) ac-
tivity requires the deubiquitinase adaptor domain (DEUBAD) of
additional sex comb–like 1, 2, or 3 (ASXL1, ASXL2, or ASXL3)
(3, 4). In mammals, Polycomb repressive deubiquitinase complex
(PR-DUB) activates gene expression by deubiquitinating
H2AK119Ub and safeguards Polycomb-mediated repression by re-
movingmisplacedH2AK119Ub (5–8), and, inDrosophila, the activ-
ity of PR-DUB was shown to regulate Polycomb repressive complex
1 (PRC1)–mediated chromatin compaction and gene silencing (9).
Inactivating the catalytic activity of BAP1 abrogates most of its
nuclear function, suggesting deubiquitination is central to its role
(5–8). The Drosophila homolog Calypso was identified by genetic
screening and characterized as PR-DUB because it opposes H2A
ubiquitination by PRC1 (2, 10). Besides regulating Polycomb

repression, PR-DUB activates enhancers and promotes DNA
damage repair (DDR) at double-strand breaks (11–13). Establishing
its importance to human health, BAP1/ASXL1 is frequently impli-
cated in various cancers (e.g., uveal melanoma and malignant me-
sothelioma) and developmental disorders (e.g., Bohring-Opitz
syndrome and myelodysplasia) (14–19). Furthermore, mutations
in BAP1 are categorized as “BAP1 tumor predisposition syndrome,”
characterized by an increased risk of early onset fast-growing and
metastatic cancers (1, 11).
Despite its central importance in regulating Polycomb repres-

sion, gene activation, and DDR, the primary mechanism by
which the PR-DUB specifically deubiquitinates chromatin
remains unanswered. While biochemical studies showed that PR-
DUB needs nucleosome interaction(s) to be specific for
H2AK119Ub and recent crystal structures characterized the archi-
tecture and intramolecular interactions in the apo Drosophila
Calypso/ASX complex, they did not provide a detailed view of
how the complex engages chromatin (3, 20, 21). Furthermore,
these studies have not revealed what determines PR-DUB specificity
for H2AK119Ub chromatin and how cancer-associated mutations
in BAP1 and ASXL1 affect its catalytic activity, thereby providing
any insight to disease etiology.
Here, we used a combination of structural, biochemical, and

functional approaches to determine the mechanism of nucleosome
deubiquitination by human BAP1/ASXL1, one of the most mutated
epigenetic complexes among human cancers. We have solved a
cryo–electron microscopy (cryo-EM) structure of human BAP1
bound to the ASXL1 DEUBAD in complex with a H2AK119Ub nu-
cleosome. BAP1/ASXL1 forms several anchor points on a nucleo-
some surface and binds H2AK119Ub in a conformation resembling
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the Ubiquitin carboxyl-terminal hydrolase 5 (UCH-L5)/ Proteaso-
mal regulatory particle base subunit 13 (RPN13) deubiquitinase
(22). Specifically, BAP1 interacts with the nucleosome acidic
patch (using regions absent in UCH-L5), while ASXL1 interacts
with DNA near the nucleosome DNA exit, and both PR-DUB sub-
units form a DNA clamp that engages near the nucleosome dyad.
All BAP1/ASXL1 anchor points are mediated through conserved
lysine/arginine tracts, which, when mutated, compromise PR-
DUB activity in vitro and in mouse embryonic stem cells. The po-
sition of BAP1/ASXL1 near the dyad interferes with a canonical
path of the nucleosomal H2A docking domain, explaining why
this portion of histone H2A is disordered in our structure. On the
basis of on our results, we propose how the interactions of the PR-
DUB complex determine its specificity for H2AK119Ub nucleo-
somes. Last, our structural, biochemical, and functional data
explain the mechanism of >50 distinct mutations found in cancer,
spanning BAP1 and ASXL1 surfaces.

RESULTS
The architecture of the BAP1/ASXL1 complex bound to
H2AK119Ub nucleosome
To gain insights into the BAP1/ASXL1 deubiquitination mecha-
nism, we reconstituted full-length human BAP1 (residues 1 to
729) in complex with the DEUBAD of ASXL1 (residues 237 to
390) (Fig. 1A and fig. S1) bound to a nucleosome in which Ub
residue G76C was conjugated to histone H2AK119C via a nonhy-
drolyzable dichloroacetate linkage (hereafter H2AK119Ub) (23).
We cross-linked the resulting complex with glutaraldehyde by gra-
dient fixation (GraFix) (fig. S2) (24), froze grids, and collected cryo-
EM data on a Titan Krios (300 kV) (table S1). Using these data, we
obtained a 3.6-Å-resolution cryo-EMmap (figs. S3 and S4 and table
S2), which we used to unambiguously model the structures of BAP1
(residues 4 to 60, 74 to 147, 166 to 244, and 646 to 713), ASXL1
(residues 251 to 345), and Ub on the nucleosome (Fig. 1B and fig.
S5). The cryo-EMmap revealed BAP1 bound to the nucleosome in a
catalytic conformation, with clearly resolved BAP1-nucleosome,
ASXL1-nucleosome, BAP1-Ub, and ASXL1-Ub interfaces (Fig. 1B
and fig. S5).We used a combination of AlphaFold-Multimer predic-
tion (25) and homologous modeling with Drosophila Calypso/ASX
crystal structures [Protein Data Bank (PDB) IDs 6hgc and 6cga] (20,
21) to build the model (Fig. 1B).
Our structure revealed one molecule each of BAP1 and ASXL1

bound on one side of the H2AK119Ub nucleosome, with four main
points of contact: BAP1 with the acidic patch, DNA, and Ub, while
ASXL1 interfaces with DNA and Ub (Fig. 1B and fig. S5). These
multiple contacts between BAP1/ASXL1 and nucleosome provide
a rationale for PR-DUB complex specificity toward H2AK119Ub
over other H2A or H2B ubiquitinations (e.g., H2AK15Ub or
H2BK120Ub) (fig. S6).

The interface of BAP1/ASXL1 with Ub is conserved with
other deubiquitinases
Our structure captures Ub in complex with BAP1/ASXL1 on the
nucleosome. We used our cryo-EM map and AlphaFold-Multimer
prediction to fit the Ub structure (Fig. 2A). Notably, the interfaces
between BAP1/ASXL1 and Ub are conserved with UCH-L5/RPN13
(PDB ID 4uel) (Fig. 2, A and B, and figs. S1 and S7) (22). In our
structure, Ub is sandwiched between the BAP1 UCH and ASXL1

DEUBADs (Fig. 2B), where BAP1 uses loops Lβ1-β2 and Lα8-β6
to interact with the Ub canonical “I44 patch” (Fig. 2C) (26). From
our structure and comparative analyses, we can propose side-chain
interactions at the Ub interface (Fig. 2B). BAP1 residues Y33, L35,
L230, F228, and I226 are within distance to establish van der Waals
interactions with Ub residues I44, H68, V70, L8, L71, and T9
(Fig. 2C). These residues at the BAP1/ASXL1:Ub interface corre-
spond to those contacting Ub in UCH-L5 and RPN13 (Fig. 2, C
and D, and figs. S1 and S7) (22) and also predicted to do so in Dro-
sophila PR-DUB (20, 21). BAP1/ASXL1 also stabilizes Ub by elec-
trostatic interactions on the other face of the I44 patch. In this
interface, ASXL1 residues R265, H315, and E311 and BAP1
residue E9 are within the distance to establish interactions with
Ub residues E24, D39, and R42 (Fig. 2D). This contrasts with
other chromatin modifiers that interact primarily with Ub via one
of its hydrophobic patches (I44 patch and “I36 patch”) (26–28). The
BAP1/ASXL1-Ub electrostatic interface is stabilized by potential in-
teractions between BAP1 residues R146 (loop Lα6-α7), R663, and
D666 (helix α10) and ASXL1 “NEF motif” residues H315, F312,
and N310 (Fig. 2D and figs. S1 and S7). These observations
explain why mutations to the NEF motif disrupt catalytic activity
by destabilizing Ub binding (fig. S1) (3, 21, 29).

Remodeling of the H2A docking domain allows Ub to reach
the catalytic site of BAP1
We next asked how H2AK119Ub reaches the catalytic site of BAP1/
ASXL1 complex. In our cryo-EM structure, the last ordered residue
in the H2AC-terminal tail is P109 (Fig. 2E). The last visible residue
of covalently installed Ub, L71, is 37 Å away from P109 and sand-
wiched below BAP1/ASXL1, which forms an arc-like structure on
the nucleosome surface (Fig. 2E). The remainder of the H2AC-ter-
minal tail, up to residue H2AK119 (connected to G76 of Ub via an
isopeptide bond and, in our structure, via a dichloroacetone cross-
link between C119 and C76), must be directed to the BAP1 active
site for catalysis. This conformation of H2A contrasts with the usual
presence of a folded canonical docking domain of H2A in the un-
occupied nucleosome (PDB IDs 1kx5 and 6wkr) (30, 31) bound
near the DNA dyad and ordered up to residue K128 (Fig. 2F).
This suggests that the H2A docking domain must unfold for
H2AK119Ub to reach the catalytic site of BAP1/ASXL1. The dis-
tance Ub must relocate to reach the BAP1/ASXL1 catalytic site
may explain specificity for H2AK119Ub versus H2AK13/15Ub or
H2BK120Ub (fig. S6), since the H2A/H2B histone fold would
need to be unwrapped for these to reach the deubiquitinase active
site (fig. S6). This also reveals why previous studies using a minimal
or peptide substrates were unable to explain the specificity for nu-
cleosomal H2AK119Ub (3).

BAP1/ASXL1 clamps the dyad of the nucleosome
In our structure, BAP1/ASXL1 complex anchors onto the nucleo-
some surface at three contact points: near the dyad DNA, exit DNA,
and the acidic patch. BAP1 residues 672 to 697 and ASXL1 residues
258 to 287/311 to 321 form a helix bundle (Fig. 3A and fig. S1), with
ASXL1 helixes αN-310, α1, α2, α3, and α5, folding and wrapping
around BAP1 helixes α11 and α12 (Fig. 3A). This helix bundle
not only participates in forming the Ub interface but also interacts
with nucleosomal DNA near the dyad (Figs. 1B and 3A). The
folding of ASXL1 around this part of the BAP1 Ubiquitin C-termi-
nal hydrolase like domain (ULD) region explains previous reports
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showing that deletion of residues after BAP1 670 impairs complex
formation with ASXL1 (3, 22). Adjacent to the α12 helix of BAP1,
wewere able to trace the backbone of BAP1 up to residue 713, where
R699, R700, and R701 approach the minor groove near the DNA
dyad (Fig. 3B). These three positively charged, well-ordered resi-
dues are within the distance to form electrostatic interactions with
the DNA phosphates (fig. S8) and are followed by a C-terminal ex-
tension (CTE) region of BAP1 that is needed to recruit PR-DUB to
the nucleosomal DNA (3, 20, 21). We further explored the roles of
R699, R700, and R701 in BAP1 by mutating them to alanines or re-
versing their charge (fig. S9).We assembled this mutated BAP1 with
ASXL1 and tested the enzymatic activity of the resulting complex by
DUB assays with a H2AK119Ub designer nucleosome (dNuc) sub-
strate, observing a substantial reduction relative to wild type (WT)
(~84%; Fig. 3A, right, and fig. S9). When we tested nucleosome
binding by electromobility shift assay (EMSA), these BAP1 muta-
tions also decreased the apparent affinity relative to WT (Fig. 3E
and figs. S10 and S11).
Immediately before the αN-310 helix, the ASXL1 N-terminal tail

also contains a patch of basic residues (K243, R244, and R246) that
we hypothesized can form a clamp together with the basic residues
of BAP1 near the helix bundle (Fig. 3, A and B, and fig. S1). We

mutated these three residues in ASXL1 to alanines, assembled a
complex with BAP1, and again observed a substantial loss of
DUB activity (~83%) toward H2AK119Ub nucleosomes (Fig. 3A,
right). We termed this region the “DNA clamp” because the basic
residues of BAP1 (R699, R700, and R701) and ASXL1 (K243, R244,
and R246) provide extensive interactions with the double helix near
the DNA dyad (Fig. 3B). To further explore enzymatic mechanism,
we performed kinetic assays using WT BAP1/ASXL1 and DNA
clamp mutants (BAP1 R699A, R700A, and R701A; ASXL1
K243A, R244A, and R246A). The BAP1 mutant complex had com-
promised catalytic activity where K0.5 (substrate concentration at
half-maximal velocity) was increased (>300 nM versus 166 nM
WT) and kcat was slightly reduced (0.21 versus 0.31 s−1 WT)
(Fig. 3H and table S3). In contrast, the ASXL1 mutant complex
showed no effect on binding affinity but reduced kcat (turnover
number) (0.085 s−1 versus 0.31 s−1 WT) (Fig. 3H and figs. S10
and S11). The observation that mutations of BAP1 or ASXL1 resi-
dues in the DNA clamp have a substantial impact on catalytic activ-
ity supports the importance of this region in the H2AK119Ub
deubiquitination mechanism (Fig. 3A).

Fig. 1. Overview of the structure of BAP1/ASXL1 bound to H2AK119Ub nucleosome. (A) Bar diagram representation of BAP1 and ASXL1 domains. Protein sequences
included in this study are in gray line; those resolved in the structure are in black line; and disordered regions are in dashed line. (B) Two different views of the model for
the BAP1/ASXL1-H2AK119Ub nucleosome complex with key anchor points highlighted. The figure is color-coded, depicting BAP1 (purple), ASXL1 (dark blue), Ub
(orange), H2A (yellow), H2B (salmon), H3 (light blue), H4 (green), and DNA (gray).
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ASXL1 interacts with the DNA at the exit of the nucleosome
Our cryo-EMmap showed an extra density emerging from the helix
bundle and DNA clamp and approaching the DNA exit. During
cryo-EM data processing, this point of contact was only seen
when BAP1/ASXL1 was in the catalytic conformation and Ub was
stabilized (figs. S4 and S12). The rigid body fit of this region allowed
us to assign it to the ASXL1 helix α6 (Fig. 3C), corresponding to
Drosophila ASX α6 (PDB ID 6hgc) (20). Even though the map in
this region does not allow to assign side-chain contacts, this
region of ASXL1 contains a stretch of basic residues (R336, R338,
K343, K345, and K346), which we hypothesized may interact with
the DNA backbone (Fig. 3C). We mutated these basic residues in
ASXL1 (R336, R338, K343, K345, and K346) to alanines, assembled
with WT BAP1, and tested DUB activity of the resulting complex.

Relative toWT, we observed a moderate reduction of catalytic activ-
ity (~46%) (Fig. 3A, right) with no change in the binding affinity
(Fig. 3F). Examination of kinetic constants demonstrates the cata-
lytic importance of the ASXL1 DNA exit interface, where swapping
the ASXL1 basic residues to alanines had no impact on K0.5 but
reduced kcat (0.088 s−1 versus 0.31 s−1 WT) (Fig. 3I).

BAP1 binds the acidic patch with an arginine finger
Another stable anchor between BAP1/ASXL1 and the nucleosome
in our cryo-EM map is with the acidic patch, as evidenced by better
resolution of this interface (figs. S8 and S13). Here, we were able to
assign the side chains of the BAP1 loop Lβ2-α2 residues (R56, R57,
R59, and R60) (Fig. 3D and figs. S1 and S8), which formed electro-
static interactions with the acidic patch residues E61, E64, and Y57

Fig. 2. Insights into themechanism of catalysis by BAP1/ASXL1 and conservationwith other deubiquitinases. (A) Position of Ub engaged with BAP1 and ASXL1 on
the nucleosome. (B) BAP1/ASXL1/Ub aligned and superimposed with UCH-L5/RPN13/Ub (PDB ID 4uel; in gray) (22). (C) Hydrophobic interactions between BAP1 and Ub.
(D) Electrostatic interactions between BAP1/ASXL1 and Ub. (E) Space-filling representation of our cryo-EM structurewith the last observed residue of H2A (H2AP109; blue-
circled red sphere). (F) A model of BAP1/ASXL1 from our cryo-EM structure superposed with wild-type (WT; unmodified) nucleosome (PDB ID 1kx5) (30), where the
structured H2A docking domain with the unmodified H2AK119 is shown as blue-circled red sphere.
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Fig. 3. BAP1/ASXL1 interacts with DNA and acidic patch on the nucleosome. (A) Left: Overall architecture of the BAP1/ASXL1-H2AK119Ub nucleosome complex with
BAP1/ASXL1 anchor points marked. Right: Catalytic activity assays on H2AK119Ub nucleosomes (containing a DUB-cleavable native gamma-lysine isopeptide linkage)
and various forms of BAP1/ASXL1 enzyme: WT, catalytically inactive (BAP1 C91S), or mutated nucleosomal anchor points (as labeled). (B) Close-up view of BAP1/ASXL1
DNA clamp contacting the nucleosome near the DNA dyad. (C) Close-up view of the ASXL1 DEUBAD α6 helix, projecting a stretch of basic residues toward a nucleosome
DNA exit. (D) Close-up view of the BAP1 R-finger interacting with the acidic patch. (E to G) Quantified electromobility shift assays (EMSAs) of WT heterodimer complex
versus mutants of the BAP1 DNA clamp (E), ASXL1 DNA exit (F), and BAP1 interaction with the acidic patch (G). Each data point and error bar indicate themeans ± SD from
three independent experiments. The SEs of dissociation constant (Kd) are indicated. (H to J) Representative kinetic curves of WT/mutant BAP1/ASXL1 enzymes with
H2AK119Ub nucleosomes. Compared relative to WT are mutants of the BAP1 DNA clamp (H), ASXL1 DNA exit (I), and BAP1 interaction with the acidic patch (J). tUI-
free Ub sensor was used to monitor the activity of WT BAP1/ASXL1 and its mutants (H to J). A free Ub standard curve was used to calculate the amount of enzymatically
generated Ub, with initial velocities (V0) relative to H2AK119ub1 concentration used to determine H2AK119ub1 dNuc K0.5, kcat, and Hill coefficient values by applying an
allosteric sigmoidal model. Kinetic constants are represented as ± SD from three independent experiments. Asterisk (*) corresponds to Michaelis-Menten fit instead of
allosteric regulation fit. n/a, not applicable.
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of H2A and H106 of H2B (Fig. 3D). This R-finger is the classical
interface between chromatin modifiers and the nucleosomal
H2A-H2B dimer (27, 32–37). These four arginines are conserved
between mammalian BAP1 and Drosophila Calypso, but not in
UCH-L5, another DUB that does not deubiquitinate a nucleosome
substrate (fig. S1). We tested the functional significance of these ar-
ginines (R56, R57, R59, and R60) by mutating them to alanines or
glutamic acid, assembling with ASXL1, and performing DUB or
EMSA assays with H2AK119Ub nucleosomes. Relative to WT,
these BAP1/ASXL1 mutants showed almost a complete loss
(~96%) of catalytic activity (Fig. 3A, right) but no change to
binding affinity (154 nM versus 142 nM) (Fig. 3G). Determination
of the kinetic constants of the BAP1 loop Lβ2-α2 mutant complex
revealed a substantial reduction in turnover number (kcat = 0.017
versus 0.31 s−1 WT) and no change of K0.5 (Fig. 3J and table S3).
These results show that the binding affinity is not perturbed when
disrupting the interaction with the acidic patch, in agreement with a
previous report (3). However, we demonstrated that this interface is
critical for PR-DUB catalytic activity, closely mirroring the role of
arginine finger–acidic patch interactions in the activity of other
chromatin enzymes (27, 32, 33, 38).
In conclusion, all anchor points contributed to H2AK119-di-

rected deubiquitination activity, and mutating each interface dis-
rupted catalysis (Fig. 3A, right). We further validated the
importance of PR-DUB–nucleosome interfaces by comparing deu-
biquitination activity onH2AK119Ub nucleosome and peptide sub-
strates. While a catalytic site mutation (BAP1 C91S) abolished DUB
activity on both substrates, mutation of PR-DUB—nucleosome in-
terfaces selectively compromised nucleosome deubiquitination (fig.
S6C), demonstrating the insight that only a physiological target can
provide. Our cryo-EM structure suggests a mechanistic model
where BAP1/ASXL1 deubiquitinates chromatin by anchoring to
the nucleosomal acidic patch and DNA at the dyad and exit. Com-
plementary in vitro assays (binding affinity, catalytic activity, and
kinetics) indicate that these anchor points contribute to enzyme:
substrate engagement and catalysis.

BAP1/ASXL1-nucleosome interactions are required for
H2AK119Ub deubiquitination in mESCs
We next sought to examine the in vivo functional importance of the
molecular contacts identified in our structural and biochemical
analyses. To this end, we stably reexpressed BAP1 R699E/R700E
(DNA dyad), BAP1 R56E/R59E, and BAP1 R56A/R57A/R59A/
R60A (acidic patch) in BAP1 knockout (KO) embryonic stem cell
(ESC) in parallel to a WT or BAP1 catalytic inactive form (C91S).
All BAP1 mutants expressed at comparable levels to the BAP1 WT
counterpart (Fig. 4A). As we previously reported, the reexpression
of WT BAP1 in KO ESC efficiently restored physiological
H2AK119Ub levels (6). However, consistent with our in vitro
data, the expression of tested BAP1mutations failed to restore phys-
iological H2AK119Ub levels, similar to catalytically inactive BAP1
(Fig. 4A). Together, these results confirm that the critical residues
involved in BAP1/ASXL1 H2AK119Ub nucleosome recognition
(Fig. 4B) are required for efficient deubiquitination in vivo.

Cancer mutations decorate BAP1/ASXL1-nucleosome
interfaces
BAP1/ASXL1 is one of the most frequently mutated chromatin-
modifying enzymes in cancer, with its disease relevance further

highlighted by BAP1mutations being classified as BAP1 tumor pre-
disposition syndrome (39). BAP1 and ASXL1 cancer-associated
mutations are distributed across the entire polypeptide chains,
with most driver mutations being truncations and >99% of variants
of uncertain significance (VUS) being missense mutations. Most
truncation mutations that disrupt function are easily explained by
the loss of entire domains or nuclear localization signals (1). In con-
trast, gain-of-function truncations of the ASXL1 central region may
stabilize BAP1 on chromatin and reduce its degradation (40, 41).
However, the abundant VUS missense mutations often remain
mechanistically unexplained, especially when a protein structure
is unavailable (figs. S14 and S15).
TheDrosophila PR-DUB crystal structures gave context for those

cancer-associated mutations in BAP1-ASXL1 that affect intramo-
lecular contacts within the heterodimer and with Ub but gave no
insight to interactions of the deubiquitinase with a H2AK119Ub
nucleosome substrate (20, 21). However, our structure provides
context for a range of VUS missense mutations that might define
deubiquitination activity on nucleosomes (tables S4 and S5). We
searched cBioPortal (www.cbioportal.org) and used a curated set
of nonredundant studies to both tabulate a list of all cancer muta-
tions across BAP1 and ASXL1 (tables S4 and S5) and annotate the
subset of frequent mutations at the interfaces with Ub and the DNA
dyad, DNA exit, and acidic patch (Fig. 4B). On BAP1, deletion or
nonconservative mutations of the acidic patch–interacting residues
R56 to R60 or the DNA dyad interface residues R699 to R701 are
each found in 14 different cancers (Fig. 4C). For ASXL1, mutations
of the DNA dyad residues R244 and R246 are found in five different
cancers (Fig. 4D), while the DNA exit residues R338 and K345 are
found in colorectal adenocarcinoma and cholangiocarcino-
ma (Fig. 4D).
We selected a range of single-point cancer-associated mutations

at the PR-DUB–nucleosome interfaces (Fig. 4, C and D) and tested
their impact on deubiquitination activity. Mutations to the acidic
patch interaction, BAP1 R56C or R59W, reduce deubiquitination
activity to 23 and 43% of WT PR-DUB, respectively (Fig. 4E). At
the DNA dyad interface, mutating BAP1 R699W had no observable
effect, but mutating BAP1 R701C reduced deubiquitination activity
to 30% of WT (Fig. 4E), further demonstrating the importance of
BAP1 R701 at the DNA minor groove (Fig. 3, B, E, and H, and fig.
S8). At the DNA exit interface, mutating ASXL1 R338Q (Fig. 4E)
reduced deubiquitination activity to 72% of WT (Fig. 4E).
Together, our structure explains 5% of BAP1 and 1% of ASXL1

VUS missense mutations at key nucleosome interfaces. As such, we
can provide key insights into the potential deregulation of BAP1/
ASXL1 in 35 cancers ranging from adenoid cystic carcinoma to
uveal melanoma and suggest those that may be due, at least in
part, to the aberrant accumulation of H2AK119Ub.

DISCUSSION
Our data support a model where BAP1/ASXL1 deubiquitinates
H2AK119Ub chromatin by anchoring to the nucleosomal acidic
patch, DNA dyad, and the DNA exit regions using conserved argi-
nine and lysine tracts. Fitting the prevailing model for chromatin-
modifying proteins (33, 42), the ability of BAP1 to fine-tune deubi-
quitination activity requires interactions with the nucleosome acidic
patch. Previous reports showed that ASXL1 increases the affinity of
PR-DUB for Ub and revealed the role of BAP1 CTE region in
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Fig. 4. BAP1/ASXL1-nucleosome contacts are extensively mutated in cancers. (A) Western blot analysis of H2AK119Ub levels in total protein extracts from BAP1 WT
(E14) or KOmESCs, or KO after reintroduction/stable expression of BAP1 WT and various mutations (C91S, R699E/R700E; R56E/R59E; R56A/R57A/R59A/R60A). t tests were
performed as indicated [non significant (n.s.), P > 0.05; *P < 0.05; **P < 0.01; ****P < 0.0001]. (B) Structure of the BAP1/ASXL1-H2AK119Ub nucleosome complex high-
lighting the three key nucleosome anchors (top) and Ub interaction region (bottom), and relative position of cancer mutations (colored spheres) clustered in these areas.
(C and D) Bar diagrams showing cancer-associated point mutations/deletions of BAP1 (C) and ASXL1 (D) at substrate interaction surfaces (B) that can be mechanistically
explained by this study. The number of unique cancer types at each interface is inside the red circles. (E) Catalytic activity assays on H2AK119Ub nucleosomeswith various
forms of BAP1/ASXL1 enzyme: WT or with point mutations found in cancer (from cBioPortal).
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enabling PR-DUB binding to nucleosomal DNA (3, 20). Here, we
show the molecular interactions of BAP1/ASXL1 that direct the PR-
DUB complex to the nucleosome and enzymatically characterize
these interfaces using a defined H2AK119Ub nucleosome substrate.
We describe a previously undefined functional element, the BAP1/
ASXL1 DNA clamp, that contains a region of the helix bundle of
ASXL1 folded around BAP1 and connecting to its CTE. We show
that BAP1 residues that form the clamp are critical for efficient deu-
biquitination of nucleosome substrate by directing the PR-DUB to
its catalytic position on the DNA dyad and clarify the importance of
ASXL1 for DUB activity (3). Our cryo-EM structure also provides a
rationale as to how PR-DUB mediates substrate specificity for nu-
cleosomal H2AK119Ub over H2AK13/K15Ub and H2BK120Ub. In
the latter cases the ubiquitylated residue cannot reach the BAP1/
ASXL1 active site without extensive restructuring of the H2A/
H2B dimer (Fig. 2, E and F, and fig. S6). We note a functional re-
dundancy in deubiquitination activity between ASXL1, ASXL2, and
ASXL3 (3). Our structure reveals that the residues in ASXL1 in-
volved in nucleosome binding are conserved in ASXL2 and
ASXL3, explaining their functional redundancy in the PR-DUB
(fig. S1). Last, our structure explains VUS cancer mutations that
may disrupt deubiquitination activity by abrogating the interaction
between BAP1/ASXL1 and substrate nucleosomes.
We showed that residues R699 to R701 of the BAP1 DNA clamp

form important interactions with the DNA dyad and lead to the
CTE, which extends toward the DNA exit. The deletion of residues
of the CTE of BAP1 after H710 has been reported to reduce the re-
cruitment of PR-DUB to endogenous nucleosomes (3, 20, 21). We
hypothesize that nonspecific interactions of the positively charged
CTE with negatively charged DNA have two important roles. (i)
They participate in the proper folding/positioning of the DNA
clamp near the DNA dyad to allow PR-DUB to adopt an active con-
formation. (ii) In a similar fashion as the disordered basic residues
of the N-terminal portion of ASXL1, the CTE of BAP1 would help
recruit the BAP1/ASXL1 clamp to the DNA. The strong recruit-
ment to nucleosomal DNA via a tract of basic residues and estab-
lishing nonspecific interactions may be a common feature of
chromatin modifiers (28, 32, 38, 43).
In this study, we primarily discuss a cryo-EMmap characterized

by a stable binding of the three anchors of BAP1/ASXL1 with the
nucleosome acidic patch, DNA clamp, and DNA exit regions. The
particles used to calculate this map also contain the Ub stabilized in
its catalytic conformation (figs. S4 and S12). This map showed “the
best” defined interfaces, which we interpret as the most stable con-
formation of BAP1/ASXL1 on the H2AK119Ub nucleosome. In ad-
dition, during data processing, we observed three-dimensional (3D)
classes with alternative conformations of BAP1/ASXL1 on nucleo-
somes (figs. S4 and S12). In the 3D classification analysis, some of
the classes presented higher flexibility in the domains of BAP1/
ASXL1 (as evidenced by lower resolution maps) and did not show
Ub stabilization in its catalytic conformation (figs. S4 and S12).
Thirty-five percent of the particles showed the BAP1/ASXL1
DNA clamp/CTE binding to the DNA exit instead of the dyad (al-
ternative conformation). On the basis of our 3D classification anal-
yses, we propose that, when the PR-DUB is recruited to chromatin,
it samples these alternative conformations to find the catalytic po-
sition, which is established by pivoting on the nucleosome acidic
patch to position the clamp on the dyad.

The BAP1/ASXL1 DNA clamp on the dyad, H2A docking
domain in the canonical nucleosome conformation, and histone
H1.4 all occupy almost the same location (44, 45). Thus, the
BAP1/ASXL1 DNA clamp could be expected to clash with H1.4
bound at the same side of the DNA linker (fig. S12). Notably,
BAP1/ASXL1 activity is slightly lower on H1.4 chromatosomes
than on nucleosomes (fig. S12), consistent with results published
during revision of this study (46). Linker histone H1.4 binds asym-
metrically to the linker DNA depending on nucleosome stacking in
chromatin (PDB ID 7pfv) (44). We hypothesize that H1.4 binding
in this mode may require BAP1/ASXL1 to engage in the alternative
conformation at the DNA exit instead of the DNA dyad. In the cor-
ollary, this could explain the H1 enrichment observed on chromatin
after BAP1/ASXL1 deletion or H2AK119 deubiquitination (6, 47).
Similar to other chromatin complexes, the conformational flex-

ibility of BAP1/ASXL1 on the nucleosome could be subjected to
regulation. Both Dot1 and COMPASS are stabilized in their catalytic
conformation on a nucleosome by interactions with PTMs such as
ubiquitination or acetylation (27, 28). Histone modifications, vari-
ants, linker histones, and cofactors could play stabilizing/regulatory
roles toward BAP1/ASXL1 and should be the focus of subse-
quent studies.

MATERIALS AND METHODS
Cloning and mutation of BAP1 and ASXL1
Full-length human BAP1 and the DEUBAD of ASXL1 (amino acids
237 to 390) were cloned into a pFastBac Dual vector by GenScript.
ASXL1 was subcloned into pET24a vector for Escherichia coli ex-
pression. BAP1 was modified to express alone in SF9 from the
pFastBac Dual vector. Mutants were generated using the New
England Biolabs (NEB) Q5 Site-Directed Mutagenesis Kit.

Protein expression and purification of BAP1 and ASXL1
BAP1/ASXL1 and BAP1 were expressed in SF9 insect cells (clonal
isolate from PLB-Sf-21-AE1) following the Bac-To-Bac Baculovirus
Expression System–established protocol (Invitrogen). ASXL1 was
expressed in E. coli BL21-CodonPlus (DE3)-RIL by Isopropyl β-
D-1-thiogalactopyranoside (IPTG) induction following the estab-
lished protocols (20).
BAP1/ASXL1 complex and BAP1 alone were purified as previ-

ously (29) with minor modifications. First, cells were suspended in
resuspension buffer A [20 mM Hepes (pH 8), 150 mM NaCl, 5%
glycerol, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP), and
Roche EDTA-free protease inhibitor] and lysed using an emulsifier
(AvestinEmulsiflexC3). Lysate was precleared by spinning at 7500
relative centrifugal force (RCF) for 20 min. BAP1 was purified by
Strep-Tactin XT affinity chromatography resin (IBA Lifesciences).
The lysate was incubated with Strep-Tactin XT resin, washed with
resuspension buffer A, and sequentially washed with buffer A sup-
plemented with 1 M NaCl and 2 M NaCl. BAP1 was cleaved from
resin by incubating overnight with 600 μg of 3C protease. Elution
fractions were dialyzed overnight in buffer A [20 mMHepes (pH 8),
150 mM NaCl, 5% glycerol, and 0.5 mM TCEP], then passed
through a HiTrap Q HP 5-ml column, and eluted by an increasing
gradient of buffer B [20 mM Hepes (pH 8), 1 M NaCl, 5% glycerol,
and 0.5 mM TCEP]. Last, BAP1 or BAP1/ASXL1 was further puri-
fied on gel filtration column [HiLoad 16/60 Superdex 200 or Super-
ose 6 Increase 10/300 GL (Cytiva)] using gel filtration buffer C [10
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mM Hepes (pH 7.5), 150 mM NaCl, 10% glycerol, and 0.5 mM
TCEP]. BAP1 or BAP1/ASXL1 fractions were pooled, concentrated,
and snap-frozen.
ASXL1 was purified as previously (20) with some modifications.

ASXL1 was expressed in E. coli BL21 (DE3) and collected by centri-
fugation at 7500 RCF for 15 min and then suspended in lysis buffer
D [20 mM Hepes (pH 8), 200 mM NaCl, 5 mM imidazole, 0.5 mM
imidazole, and 1× Roche EDTA-free protease inhibitor]. Cells were
lysed using an emulsifier (AvestinEmulsiflexC3), and the lysate was
cleared by spinning at 7500 RCF for 20 min. ASXL1 was purified by
using Ni–nitrilotriacetic acid (NTA) resin (Qiagen). The resin was
washed with lysis buffer D and sequentially washed with buffer D
supplemented with 1 M NaCl and returned to buffer D. ASXL1 was
eluted by cleaving from resin with 3C protease. Elution fractions
were concentrated using a 10-KDa cutoff Centricon concentrator
and passed over a HiLoad Superdex 75 16/60 pg (Cytiva) using
gel filtration buffer C [10 mM Hepes (pH 7.5), 150 mM NaCl,
10% glycerol, and 0.5 mM TCEP]. ASXL1 containing fractions
were pooled, concentrated, and snap-frozen.

BAP1/ASXL1 complex assembly
Purified BAP1 was coincubated with an excess of ASXL1 for 1 hour
at 4°C before injecting into the Superose 6 Increase 10/300 GL
(Cytiva) using gel filtration buffer C [10 mM Hepes (pH 7.5), 150
mM NaCl, 10% glycerol, and 0.5 mM TCEP]. Peak fractions con-
taining BAP1/ASXL1 were pooled, concentrated, and snap-frozen.

Expression and purification of Ub
pET-His-Ub G76C was a generous gift from T. Yao (23). Ub
plasmid DNA was transformed into E. coli SoluBL21 (Amsbio,
catalog no. C700200) competent cells and grown in 2xYT-Amp
medium. Ub G76C (Ub G76C) was expressed as soluble protein
by inducing with 0.4 mM IPTG for 4 hours at 37°C upon the
culture reaching optical density at 600 nm = 0.4 to 0.6. Bacteria
cells were harvested and lysed (AvestinEmulsiflexC3). Protein was
purified through Ni-NTA agarose beads (Qiagen) [lysis buffer:
300 mM NaCl, 50 mM tris (pH 8.0), 10 mM imidazole, 5 mM 2-
mercaptoethanol (BME), 1x protease inhibitor; elution buffer: 300
mM NaCl, 50 mM tris (pH 8.0), 300 mM imidazole, and 5 mM
BME] followed byHiTrap QHP (GEHealthcare) liquid chromatog-
raphy column [buffer A: 50 mMNaCl, 20 mM tris (pH 8.0), 0.2 mM
EDTA, and 10 mM BME; buffer B: 1 M NaCl, 20 mM tris (pH 8.0),
0.2 mM EDTA, and 10 mM BME]. Purified Ub was then dialyzed
against water supplemented with 1 mM acetic acid followed by flash
freezing in liquid nitrogen and lyophilized using a Sentry lyophiliz-
er (VirTis).

Purification of Widom 601 DNA 187 bp
A plasmid containing the Widom 601 nucleosome positioning se-
quence extended to 187 base pairs (bp) and flanked by Eco RV re-
striction sites (37) was transformed into E. coli DH5α (Thermo
Fisher Scientific) and grown in 2xYT-Amp medium overnight at
37°C. The 601 DNA fragment was excised using Eco RV and puri-
fied as previously (48).

Expression and purification of WT Xenopus histones and
H2AK119C
Plasmids containing WT Xenopus histones were a generous gift
from K. Luger, and mutant histone H2AK119C was generated

using the Q5 mutagenesis kit (NEB). Briefly, each histone was ex-
pressed in E. coli Rosetta (DE3) cells (Novagen), extracted from in-
clusion bodies, and purified sequentially by size exclusion and
anion chromatography as previously (48). Purified histones were
freeze dried using a Sentry lyophilizer (VirTis).

Ubiquitination of histone H2AK119C (nonlabile for
cryo-EM)
In brief [and as previously; (23)], lyophilized Ub G76C and histone
H2AK119C were resuspended (resuspension buffer: 10 mM acetic
acid and 7 M urea-deionized) and mixed in the ratio of 2:1. Sodium
tetraborate, urea, and TCEP were added to achieve final concentra-
tions of 50 mM, 6 M, and 5 mM, respectively. The mixture was in-
cubated at room temperature for 30 min. Then, an amount of cross-
linker [1,3-dichloroacetone (Sigma-Aldrich) diluted in N,N0-dime-
thylformamide (Sigma-Aldrich)] equal to one-half molar ratio of
total sulfhydryl groups was added to the solution and incubated
on ice for additional 30 min. The reaction was stopped by addition
of BME to a final concentration of 5 mM. Then, the solution was
diluted 10 times with denaturing binding buffer [denaturing
binding buffer: 50 mM sodium phosphate (NaPi), 50 mM tris
(pH 8.0), 300 mM NaCl, 6 M urea, 10 mM imidazole, and 5 mM
BME] and purified through Ni-NTA agarose beads (Qiagen) [dena-
turing elution buffer: 50 mM NaPi, 50 mM tris (pH 8.0), 300 mM
NaCl, 6 M urea, 250 mM imidazole, and 5 mM BME]. Purified
ubiquitinated H2AK119C (H2AK119Ub) was dialyzed into water
supplemented with 1 mM BME and lyophilized using a Sentry ly-
ophilizer (VirTis).

Reconstitution of nucleosomes
Nucleosome substrates were assembled as described (27, 32). Equi-
molar amounts of each of the four lyophilized histones were dis-
solved in unfolding buffer [6 M guanidinium hydrochloride, 20
mM tris (pH 7.5), and 5 mM dithiothreitol (DTT)], mixed, and di-
alyzed into refolding buffer. Octamers were purified through size
exclusion chromatography Superdex 200 column (GE Healthcare)
in refolding buffer [10 mM tris (pH 7.5), 2 M NaCl, 1 mM EDTA,
and 5mMBME]. Nucleosomes were assembled by combining equi-
molar ratios of purifiedWidom 601 DNA and histone octamers and
dialyzing the mix overnight with gradient salt dialysis using a peri-
staltic Rapid Pump (Gilson). Assembled nucleosomes were purified
through a Resource Q ion-exchange column (GE Healthcare). Last,
purified nucleosomes were dialyzed into dialysis buffer [20 mM
tris-HCl (pH 7.5), 1 mM EDTA, and 1 mM DTT], concentrated,
and stored at 4°C until use.

Generating native H2AK119Ub nucleosomes and
chromatosomes
Nucleosomes were enzymatically modified using Ub, E1, E2, and
Polycomb repressive complex 1 as previously (21). H2AK119Ub
nucleosomes were purified by precipitation with magnesium chlo-
ride as previously (49). Chromatosomes were assembled by adding
equimolar amount of H1.4 to nucleosome in assembly buffer [10
mM KCl, 10 mM Hepes (pH 7.5), 0.7 mM EDTA (pH 8), and 1
mM DTT] at 4°C for 1 hour.

PTM-defined nucleosomes (dNucs) and peptides
PTM-defined nucleosomes [all from EpiCypher: rNuc (unmodified),
no. 16-0006 (https://www.epicypher.com/products/nucleosomes/
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mononucleosomes-recombinant-human-biotinylated); H2AK15ub1,
no. 16-0399 (https://www.epicypher.com/products/nucleosomes/
modified-designer-nucleosomes-dnucs/nucleosome-recombinant-
human-h2ak15ub1-dnuc-biotinylated); H2AK119ub1, no. 16-0395
(https://www.epicypher.com/products/nucleosomes/nucleosome-
recombinant-human-h2ak119ub1-dnuc-biotinylated); and
H2BK120ub1, no. 16-0396 (https://www.epicypher.com/products/
nucleosomes/nucleosome-recombinant-human-h2bk120ub1-dnuc-
biotinylated)] were assembled through salt dialysis of semisynthetic
histones with 50 biotinylated DNA (147 bp of 601 nucleosome po-
sitioning sequence) as previously (50, 51) and confirmed by SDS–
polyacrylamide gel electrophoresis (PAGE), immunoblotting, and
mass spectrometry (as appropriate). All Kub1 histones for enzymat-
ic assays contain a native gamma-lysine isopeptide linkage cleavable
by deubiquitinating (DUB) enzymes (52). H2AK119ub peptide
(amino acids 110 to 129) also contains a native gamma-lysine iso-
peptide linkage.

Free Ub system of detection
Turn-on UQ1UBA-IsoTZnF fusion (tUI)–free Ub sensor (53) was
provided by R. Cohen and T. Yao (Colorado State University).
Briefly, the sensor is a fusion protein containing Ub binding
domains from ubiquilin-1 (amino acids 541 to 586) and isotrans-
peptidase T (amino acids 163 to 191) and relies on the fluorescence
change of a single covalently attached Atto-532 when it engages free
Ub (as released by DUB activity on a Kub1 dNuc).

GraFix of BAP1/ASXL1-H2AK119Ub nucleosome
H2AK119Ub nucleosome on 187 bp DNA was saturated with
BAP1/ASXL1 and dialyzed in 5% glycerol buffer A2 [20 mM
Hepes (pH 7.5), 50 mM KCl, 1 mM DTT, and 5% glycerol].
BAP1/ASXL1-nucleosome complex was cross-linked using GraFix
as previously (24). Gradients were produced (Gradient Master,
Biocomp Instruments) using a gradient range of 10% glycerol
buffer B2 [20 mM Hepes (pH 7.5), 50 mM KCl, 1 mM DTT, and
10% glycerol] to 40% glycerol buffer C2 [20 mM Hepes (pH 7.5),
50 mM KCl, 1 mM DTT, 40% glycerol, and 0.1% glutaraldehyde].
Gradients were spun at 30,000 rpm for 16 hours at 4°C, fractionated,
and remnant glutaraldehyde–quenched with 100 mM tris-Cl (pH
7.5) (final). Fractions were analyzed by 4.5% native PAGE [0.2×
tris-borate EDTA (TBE)], and those of interest were pooled and di-
alyzed in cryo-EM buffer [20 mM tris (pH 7.5), 50 mM KCl, 1 mM
DTT, and 1% glycerol]. Final samples were concentrated and used
for grid preparation.

Grid preparation for cryo-EM
Cryo-EM grids of the BAP1/ASXL1-H2AK119Ub nucleosome
complex were prepared with the following established protocol
(54). Briefly, Quantifoil R 1.2-μm–hole size Au 300 mesh grids
were glow-discharged for 25 s at 15 mA using a PELCO easiGlow.
The sample (3 μl) at concentration of 0.1 mg/ml was applied to grids
using a FEI Vitrobot Mark IV (FEI Company), at 4°C and 100% hu-
midity. Grids were blotted using filter paper (55/20 mm diameter,
TED PELLA) for 3 s with a blot force of 3 and plunge-frozen in
liquid ethane cooled to liquid nitrogen temperatures.

Cryo-EM data processing
Data were collected using a Titan Krios G3i using Leginon software
(55). All images were recorded using a K3 Summit Gatan direct

electron detector camera at a nominal magnification of ×105,000,
calibrated physical pixel size of 0.825 Å/pixel (0.4215 in superreso-
lution Å/pixel) using an energy filter width of 20 eV. The images
were collected with an exposure of 0.04 s per frame; the total expo-
sure time was 2 s for the BAP1/ASXL1-H2AK119Ub complex, for a
total of 50 frames. Per-frame exposure rate was 1.1424 e (charge on
the electron)/Å2 leading to a total accumulated electron exposure of
57.12 e/Å2 on the specimen. All the sample images were recorded
with a calibrated defocus in the range from −0.9 to −1.9 μm. Movie
stacks, acquired in superresolution mode, were corrected for global
and local motions (in 11 × 9 patches) using UCSF MotionCor2
v1.2.1 (56) ran through Relion v4.0-beta context (57), resulting in
the dose-weighted sums. We imported the motion-corrected
dose-weighted images to CryoSPARC v4.1.1 (58) and performed
Patch CTF Estimation. We used “blob-based” automated particle
picking to obtain 11,876,334 particles and selected 5,510,142 parti-
cles for subsequent processing. Particles were then extracted and
subjected to reference-free 2D classification into 50 classes in Cry-
oSPARC. A small number of particles (~265 K) were selected from
the seven best-looking reference-free 2D classes. We then used Cry-
oSPARC’s “Ab initio” option to generate a 3D initial model from the
selected small dataset. This yielded a reconstruction with a clearly
defined nucleosome density, which was then used as a template in
3D refinement. For data “in silico” homogenization of our data, we
used CryoSPARC’s Ab initio and “Heterogeneous refinement.”
After 3D refinement, we used focused classification to improve
the density of BAP1/ASXLl in the maps, and the data were subjected
to focused classifications. In the BAP1/ASXL1-H2AK119Ub
complex, we centered a spherical mask with a 60 Å pixel radius
on the BAP1/ASXL1 moiety, which resulted in a clearly resolved
BAP1/ASXL1 on the nucleosome at 5.06 Å overall resolution.
These particles were subjected to a variability analysis, using a
similar mask centered on the BAP1/ASXL1 moiety, using principal
component analysis with five modes and an output of 10 clusters,
finding one cluster that contained a better-resolved BAP1/ASXL1
clamp-DNA and BAP1/ASXL1-Ub interfaces at 4.35 Å after extrac-
tion of the particles. Using the best-scoring particles, we ran Non-
Uniform Refinement, which yielded the BAP1/ASXL1-
H2AK119Ub complex at 3.6-Å map (map 1). Two additional
maps were generated by further refinement and Bayesian Polishing
in Relion (59): a map with an improved BAP1:acidic patch interface
(map 2) and another map with an improved BAP1:DNA clamp in-
terface (map 3). The final resolutions were established using Fourier
shell correlation (FSC) at 0.143 cutoff (60) following a gold-stan-
dard refinement. All conversions between Relion and CryoSPARC
were performed using Daniel Asarnow’s pyem script (https://
github.com/asarnow/pyem). The processing details and summaries
are shown in figs. S3 and S4 and table S1.

Model building and refinement
Our cryo-EM reconstructions reveal BAP1/ASXL1 bound to nucle-
osome, with clearly resolved interfaces. The highest-resolution
element in the reconstruction is the nucleosome core particle,
akin to other published nucleosome-associated complexes (20,
21). BAP1/ASXL1 is very flexible; however, the quality of our
maps allowed unambiguous rigid-body fitting and modeling of
the proteins. To model the complex, we used a number of maps;
the final BAP1/ASXL1-H2AK119Ub reconstruction from Titan
Krios (figs. S3 and S5) at 3.6 Å was used to describe the global
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architecture of the complex (map 1). The different maps used to
build each region are summarized in table S1. We submitted the se-
quence of our constructs of BAP1, ASXL1, and Ub to AlphaFold-
Multimer (25) and evaluated how the predicted models fit into our
maps by performing amanual local optimization of the fitting of the
best AlphaFold model using UCSF Chimera’s and the “Fit in map”
function (61). For the BAP1/ASXL1-H2AK119Ub complex, avail-
able x-ray crystal structures or predictions based in homologous
modeling were aligned with the AlphaFold-Multimer prediction
(25). For the nucleosome, we used PDB IDs 3tu4 (37) and 7k5y
(45), and 4uel was used for Ub. We used templates of the UCH-
L5 structure 4uel (22) and the homologous Calypso in complex
with DEUBAD of ASX 6hgc (20) for modeling on the Swiss-Prot
server for BAP1 and ASXL1, respectively. We then used Coot (62)
for local adjustments of the secondary elements and side chains into
densities, using a combination of crystallographic and AlphaFold-
based models. The resulting complete model was refined in
PHENIX (63) using a secondary structure, Atomic Displacement
Parameters (ADPs), rotamer, and Ramachandran restraints in 100
iterations. The model was then visually inspected, and Ramachan-
dran outliers and problematic regions were fixed manually in Coot
(final refinement statistics are summarized in table S2). For assign-
ing the residues interacting with the acidic patch and the DNA dyad
of the nucleosome, we used maps with improved resolution at these
regions (map 2 and map 3, respectively). An extra density could be
observed near the N-terminal tail of BAP1 and the C-terminal tail of
ASXL1; however, this region was too disordered in the cryo-EM re-
construction to reliably assign and model.
To validate our structures, we first subjected the atoms to 0.1-Å

displacement and then refined it in phenix.real_space_refine
against one of the half-maps. This refinedmodel was then converted
to a 3D density map and compared against two half-maps and the
summed map. We calculated FSC curves with half-map 1 (used for
refinement, “work,” shown in our figures with red), half-map 2 (not
participating in refinement, hence “free,” green) and the summed
map (blue). We then tested the whole model against the 3.6-Å re-
construction (fig. S12). We only observed small differences between
the work and the free FSC curves, which indicate lack of overfitting.
Figures of the model and cryo-EM densities were prepared using
Chimera, ChimeraX, Coot, and PyMOL (61, 62, 64, 65).

Deubiquitinase catalytic activity assay
Deubiquitinase activity of WT BAP1/ASXL1 and indicated mutants
toward nucleosome and peptide substrates was assessed by moni-
toring fluorescence increase for up to 11 min in 1-min (nucleo-
somes) or 30-s (peptides) intervals at ambient temperature in the
presence of Atto-532 labeled tUI-free Ub sensor. A total of 3.33
μl of 3× DUB, 3.33 μl of 3× nucleosome or peptide substrate, and
3.33 μl of 3× tUI-free Ub sensor in DUB buffer [20 mM Hepes (pH
7.5), 20 mM NaCl, 2 mM MgCl2, 0.01% v/v Tween 20, 0.01% w/v
bovine serum albumin, and 10 mM DTT] were combined in a 384-
well plate (PerkinElmer ProxiPlate-384 Plus F black, no. 6008260),
and data were gathered on a Envision 2150 plate reader (PerkinElm-
er) (excitation, 531 nm; emission, 570 nm; 555mirror). Nucleosome
or peptide (10 nM) and tUI-free Ub sensor (10 nM) were used
(final). DUB concentration varied by experiment as follows: activity
assays focusing on H2AK119ub1 dNuc, 5 nM; H2AUb and
H2AUb-H1.4 nucleosomes, 0.3 nM;multiple unmodified and ubiq-
uinated nucleosomes, 2.5 nM; and H2AK119ub1 peptide, 16 pM.

The initial, linear portion of each duplicate (Fig. 3A and fig. S6, B
and C) or triplicate (Fig. 4E and fig. S12E) DUB reaction was com-
pared, and data were presented as relative fluorescence units (RFU)
per minute. In Figs. 3 and 4, catalytic activity was also expressed as
percent of activity of each mutant relative to the WT. The loss of
catalytic activity was calculated as percent of activity of each
mutant relative to the WT.

Deubiquitination kinetic assays
Kinetic parameters were determined by monitoring BAP1/ASXL1
activity toward H2AK119ub1 dNuc substrate over the course of
11 min in 30-s or 1-min intervals at ambient temperature. DUB
and tUI-free Ub sensor concentration were fixed, while
H2AK119ub1 dNuc concentration was varied in a 1.5-fold-dilution
series. Final DUB concentrations were as follows: wtBAP1/
wtASXL1 at 0.5 nM, BAP1 R699A/R700A/R701A/wtASXL1 at 1
nM, wtBAP1/ASXl1 K243A/R244A/R246A at 1 nM, wtBAP1/
ASXL1 R336A/R338A/K343A/K345A/K346A at 1 nM, and BAP1
R56/R57/R59/R60A/wtASXL1 at 5 nM. For DUBs tested at 0.5
nM, the substrate was varied from 300 to 3.5 nM; for DUBs tested
at 1 nM, from 300 to 5.2 nM; and for DUBs tested at 5 nM, from 300
to 12 nM. In all cases, a no-substrate sample was included for back-
ground correction. To calculate the amount of Ub generated enzy-
matically, a free-ubiquitin standard curve (0.88 to 10 nM; 1.5-fold
dilutions) was included, along with a no-ubiquitin sample for back-
ground correction. Three independent runs of triplicates were per-
formed. Reaction volumes, tUI-free Ub sensor concentration, assay
plates, and plate reader settings were as in the activity assay.
H2AK119ub1 dNuc K0.5, kcat, and Hill coefficient (h) values were
determined by applying an allosteric sigmoidal model using Graph-
Pad 9.0 (Prism) to initial, linear velocities compared to
H2AK119ub1 dNuc concentration, or, alternatively, Michaelis
constant (Km) and kcat were determined by applying a Michaelis-
Mentenmodel, as appropriate. Michaelis-Menten and allosteric sig-
moidal fits were compared for best fit using an F test, and the Mi-
chaelis-Menten model was selected unless the P value was <0.05. To
determine initial velocities, first, a background correction was
applied to the signal of the DUB samples and the standard curve.
Second, a linear regression was applied to the background-corrected
standard curve at each time point. Third, the standard curve linear
regression parameters were used to convert DUB background-cor-
rected RFUs to the concentration of Ub generated at each time
point, and a linear regression was fit to the data to generate initial
velocity curves.

Electromobility shift assay
Assembled BAP1/ASXL1 complex was dialyzed into EMSA buffer
[10 mM Hepes (pH 7.5), 50 mM NaCl, 0.1 mM DTT, and 5% glyc-
erol]. A twofold serial dilution (starting concentration between 1
and 5 μM) of BAP1/ASXL1 complex was made in EMSA buffer.
Nonhydrolyzable H2AK119Ub 187-bp nucleosome was added to
each reaction to reach a final concentration of 25 nM. Reactions
were incubated on ice for 1 hour. Reaction (3.5 μl) was analyzed
on 4.5% native polyacrylamide gels (0.2× TBE). Native acrylamide
gels were stained with ethidium bromide and visualized using a
Geldoc (Bio-Rad). The band quantification was performed with
the program Image Lab (Bio-Rad). The amount of BAP1/ASXL1
bound to nucleosomes was determined by measuring the decrease
in free nucleosome in each reaction using BAP1/ASXL1-free
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samples as background. The free DNA was taken under consider-
ation for the calculation of free nucleosome. The apparent dissoci-
ation constant (Kd) and the Hill coefficient for each binding curve
were calculated by fitting the specific binding with Hill slope equa-
tion using the program Prism 9.0 (GraphPad). The final parameters
were calculated using for at least three independent experiments (n
≥ 3 per data point). Data were plotted as means ± SE.

Cell lines and cell culture
All cell lines used were generated in the Pasini laboratory and are
strain 129P2/Ola: mES cell line E14, mES KO ES c1 cell line, mES
KO ES c2 cell line, mES BAP1 KO + BAP1 (pCAG-BAP1 WT), and
mES BAP1 KO + BAP1 C91S (pCAG-BAP1 WT). All mouse em-
bryonic stem cell (mESC) lines were grown on 0.1% gelatin-coated
dishes in 2i/leukemia inhibitory factor (LIF)–containing Glasgow’s
minimum essential medium (GMEM) (Euroclone) supplemented
with 16% fetal calf serum (Euroclone), 2 mM glutamine (Gibco),
penicillin (100 U/ml), streptomycin (0.1 mg/ml; Gibco), 0.1 mM
nonessential amino acids (Gibco), 1 mM sodium pyruvate
(Gibco), 50 μM β-mercaptoethanol phosphate-buffered saline
(PBS; Gibco), LIF (1000 U/ml; produced in-house), and glycogen
synthase kinase 3β and mitogen-activated protein kinase kinase 1/
2 inhibitors (abcr GmbH) to a final concentration of 3 and 1 μM,
respectively.
Stable expressing clones BAP1 KO ESC were generated by trans-

fecting 10 μg of pCAG expression vectors encoding N-terminal
2xFlag-hemagglutinin–tagged BAP1 WT or with C91S; R56E/
R59E; R699E/R700E; R699A/R700A/R701A; and R56A/R57A/
R59A/R60A mutations using Lipofectamine 2000 (Thermo Fisher
Scientific), as per the manufacturer ’s instructions. Twenty-four
hours after transfection ESCs were selected with neomycin (0.5
μg/ml) for 5 days. Cells were then split to clonal density (∼1:50)
onto 15-cm plates. Clones were isolated 12 days later and grown
further before screening for rescue allele expression by
Western blot.

Western blot
Western blot analyses were performed with total protein lysates. All
mESCs lines were lysed and sonicated in ice-cold S300 buffer [20
mM tris-HCl (pH 8.0), 300 mM NaCl, 10% glycerol, and 0.2%
NP-40] and supplemented with Benzonase (25 U/μl; MilliporeSig-
ma) and protease inhibitors (Roche). Precipitates were removed by
centrifugation. Clear lysates were resuspended in Laemmli sample
buffer and boiled for 5 min. Protein lysates were separated on SDS-
PAGE gels and transferred to nitrocellulose membranes. After
probing with the appropriate primary and secondary antibodies,
chemiluminescence signals were captured with the ChemiDoc
Imaging System (Bio-Rad). Western blots were performed with
anti-BAP1 [D7W70, Cell Signaling Technology (CST)], anti-
H2AK119ub1 (8240, CST), anti-H3 (ab1791, Abcam).

Quantification and statistical analysis
Protein quantification was done using an A280 extinction coeffi-
cient of 106,660 M−1 cm−1 for BAP1/ASXL1 complex on a Nano-
drop spectrophotometer (Thermo Fisher Scientific).

Supplementary Materials
This PDF file includes:
Figs. S1 to S15
Tables S1 to S5
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