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The BRCAI-BARDI1 tumour suppressor is an E3 ubiquitin ligase necessary for the
repair of DNA double-strand breaks by homologous recombination'°, The BRCA1-
BARD1 complex localizes to damaged chromatin after DNA replication and catalyses
the ubiquitylation of histone H2A and other cellular targets" ™. The molecular bases
for the recruitment to double-strand breaks and target recognition of BRCA1-BARD1
remain unknown. Here we use cryo-electron microscopy to show that the ankyrin
repeat and tandem BRCT domains in BARD1adopt a compact fold and bind to
nucleosomal histones, DNA and monoubiquitin attached to H2A amino-terminal K13
or K15, two signals known to be specific for double-strand breaks™'. We further show
that RING domains” in BRCA1-BARDI orient an E2 ubiquitin-conjugating enzyme
atop the nucleosome in adynamic conformation, primed for ubiquitin transfer to the
flexible carboxy-terminal tails of H2A and variant H2AX. Our work reveals aregulatory
crosstalk in which recognition of monoubiquitin by BRCA1-BARD1 at the N terminus
of H2A blocks the formation of polyubiquitin chains and cooperatively promotes
ubiquitylation at the C terminus of H2A. These findings elucidate the mechanisms of

BRCA1-BARDI chromatin recruitment and ubiquitylation specificity, highlight key
functions of BARD1in both processes and explain how BRCA1-BARD1 promotes
homologous recombination by opposing the DNA repair protein 53BP1in
post-replicative chromatin’®22, These data provide a structural framework to evaluate
BARD1 variants and help to identify mutations that drive the development of cancer.

Missense mutations in breast cancer susceptibility protein 1 (BRCA1)
andits obligate binding partner BRCAl-associated RING domain protein
(BARD1) have been linked to familial breast and ovarian cancers and to
sporadic cancers of various origins'*. BRCAland BARD1 heterodimer-
ize through their N-terminal RING domains'?, conferring E3 ubiqui-
tin ligase activity?* . The BRCA1-BARDI complex has several known
cellular targets’, but the structural bases for substrate recognition
and ubiquitylation specificity are unknown. This lack of mechanistic
insight has hampered our understanding of the molecular functions
of BRCA1-BARD1 and of how mutations in BRCAland BARD1 relate
to cancer susceptibility. However, there is compelling evidence that
the antitumorigenic properties of BRCA1-BARD1 mainly stem from
the involvement of the complex in the repair of DNA double-strand
breaks (DSBs) and in the maintenance of the replication fork®'°. Dur-
ing chromosome replication, BRCA1-BARD1 promotes homologous
recombination by opposing the homologous recombination inhibitor
p53-binding protein 1(53BP1)®%2, 53BP1 is recruited to DSBs by bind-
ing to the DNA damage-dependent ubiquitylated K15 of histone H2A
(H2AK15ub)??® and dimethylated K20 of histone H4 (H4K20me2)®. The
E3 ligase RNF168 ubiquitylates H2A on both K13 and K15 (refs. ). The
recruitment of BRCA1-BARDI to DSBs also depends on the ubiquitin
ligase activity of RNF168 (refs. ***') by an unknown mechanism and
on the recognition of newly synthesized unmodified histone H4K20
(H4K20meO) incorporated into chromatin during DNA replication™>*,

Specific ubiquitylation of nucleosomal H2A

BRCA1-BARDI catalyses ubiquitin transfer from the E2 ubiquitin-
conjugating enzyme UbcH5c¢ (also known as UBE2D3) to three lysine
residues (K125,K127 and K129) in the C-terminal tail of H2A in the nucleo-
some core particle (NCP)"***. These modifications are associated with
the eviction of 53BP1 from chromatin'. The RING domains of BRCA1
(residues 1-100) and BARDI1 (residues 26-122) are sufficient for E3
ligase activity™, so we used these domains (referred to as BRCAI® and
BARDI®) to investigate the ubiquitylation of nucleosomal H2A.

We used nuclear magnetic resonance (NMR) spectroscopy to moni-
tor in real time the ubiquitylation by BRCAI*~-BARDI®, UbcH5c and
the Elubiquitin-activating enzyme, UBAL, of the NCP assembled with
N-labelled H2A-H2B. The'H-"N heteronuclear single quantum coher-
ence NMR spectra displayed progressive disappearance of signals
assigned to H2A K125, K127 and K129, or nearby residues, indicating that
thelysines were being ubiquitylated (Extended DataFig. 1a). There was
no marked decrease in signal intensities for other amino acids in the
H2A tail, defined as amino acids 118-129 for which, owing to confor-
mational disorder, signals are detectable in the NMR spectra. Lack of
signal for agivenresidueimplies thatit belongs to the slow-tumbling,
folded region of the more than 200 kDa NCP. Using mutagenesis, we
confirmed that BRCAI®-BARDIR catalyses the specific monoubiqui-
tylation of H2A K125, K127 and K129 in vitro (Extended Data Fig. 1b).
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Fig.1|Cryo-EMstructure of the BRCA1*-BARD1*-UbcH5c-nucleosome
complex. a, Fluorescence polarization binding curves for BRCAI®*~-BARDIF,
wildtype (WT) and with the indicated mutations in BRCAI® or BARD1®, added to
fluorescently labelled NCP. Dataare mean +s.d. for each data point (n=3
independent experiments). K, values areindicated. ND, not determined.

b, Representative Coomassie-stained gel readout of n=2independent
ubiquitylation reactions carried out with UBAland the BRCAI®*-BARD1*-

Structure of BRCAIR-BARDI®-UbcH5¢c-NCP

The binding of BRCA1*-BARDI1® to the NCP is weak, with a dissocia-
tion constant (K,) of approximately 8 uM (Fig. 1a). To enhance the
productive encounter of enzyme and substrate and thereby facili-
tate structural studies, we assembled a complex in which BRCAI®-
BARD1*-UbcHS5c is flexibly tethered to the NCP. This complex was
functional for site-specific NCP ubiquitylation (Fig. 1b) and could be
characterized using single-particle cryo-electron microscopy (cryo-EM)
(Fig.1c, Extended Data Fig. 2a). We determined the 3D structure from
a3.28 A resolution density map (Extended Data Fig. 3a-e, Extended
DataTable1). The BRCAI®?, BARDI®, UbcH5c and NCP components were
readily seen: BRCA1® and BARD1 form a heterodimer that interacts
withthe NCP,and UbcH5c interacts with BRCAI® (Fig. 1c, Extended Data
Fig.3f-h). Complex formation does not alter the conformation of the
NCP, theapo cryo-EM structure of whichwe determined to aresolution
of 2.91A (Extended Data Fig. 2a, Extended Data Table 1).

The BRCAIR-BARDI® conformation modelled in the cryo-EM density
is similar to the previously determined BRCAI*~-BARDI® NMR struc-
ture?”, with an average root-mean-square deviation (r.m.s.d.) of 2.0 A
over all backbone atoms of the NMR conformers. BRCA1* and BARD1?
bind to each other through the hydrophobic core of afour-helix bundle
formed from two a-helices in both BRCAIR (residues 8-22 and 81-96)
and BARDI® (residues 36-48 and 101-116) (Extended Data Fig. 3g). The
Zn*-bindingregions of BRCAI® (residues 23-76) and BARDI® (residues
49-100) flank the helical bundle and point towards the surface of the
NCP.

Both BRCAI® and BARDIR contact the NCP, burying 291 A>and 324 A2
of solvent-accessible surfaces, respectively (Fig. 1c). BRCA1® binds to
the NCP mainly through R71, which is surrounded by H2A E61, E64,
D90, E91and E92, and H2B E105 and E113, seven of the residues in the
NCP acidic patch® (Fig. 1d, Extended Data Fig. 3h). The guanidium
group of R71 forms salt bridges with the carboxylate groups of H2A
E61,D90 and E92 (Fig. 1d). As expected, the BRCAI® R71A mutation
inhibited theinteraction of BRCAI*~-BARD1* with the NCP (Fig.1a) and
abolished ubiquitylation of H2A (Extended Data Fig. 4a). Likewise,
the single-point H2A E61A, D90A and E92A NCP mutants exhibited
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UbcH5¢

UbcH5c-NCP complex (labelled as Fusion) used for 3D structure
determination. For gel source data, see Supplementary Fig.1.c, Cryo-EM
density map (left) and structure (right) of the BRCA1*~-BARD1*-UbcH5¢c-NCP
complex. d-f, Close-up views of the contacts between BRCA1* and the H2A-
H2B acidic patchinthe NCP (d); BARDI® and histone H2B (e); and BRCA1® and
UbcH5c (f). Relevant side chains and polar contactsidentified using PyMol
(yellow dashes) are highlighted.

reduced H2A ubiquitylation, whereas the triple-mutant E61A/D90A/
E92A was not ubiquitylated (Extended Data Fig. 4b). The H2AE64A and
E91A NCP mutantsretained significant ubiquitylation (Extended Data
Fig.4b), which was expected as the carboxylate group of E64 is distal
andthe carboxylate group of E91 points away from R71 (Fig.1d). The H2B
E105A and E113A NCP mutants behaved almost like the wild-type NCP
for ubiquitylation (Extended Data Fig. 4c). This was also expected as
the side chain of E105 faces away from R71and the side chain of E113 is
farther from R71than any of the other acidic patch residues (Fig. 1d).
The BRCAI? K56 e-ammonium group forms a putative hydrogenbond
to the carbonyl of H2A N89, but the K56A mutant retained wild-type
affinity and only slightly diminished the ubiquitylation activity (Fig. 1a,
Extended Data Fig. 4a).

BARDI"® contributes to the orientation of BRCA1*~-BARD1*-UbcH5¢
relative tothe NCP viaanextended segment (residues 87-91) that inter-
acts with the last a-helix of H2B (residues 104-123) (Fig. 1e, Extended
DataFig.3h). There are van der Waals contacts between paired BARD1?-
H2Bresidues Y87-T119/K120, T88-K116, P89-T115and W91-K108/S112,
whichexplains the decreased affinities (Fig. 1a) and H2A ubiquitylation
activities (Extended Data Fig. 4d) of the Y87A, PS9A and W91A BARDI®
mutants. The PS9A and W91A mutations do not affect the BRCAI®-
BARDI*fold (Extended Data Fig. 4e). Similarly, H2A ubiquitylation was
diminished when the NCP had the H2B mutations K108A, K108D, S112A,
S112R, T115A, K116D or T119R (Extended Data Fig. 4¢).

In the BRCA1*-BARDI*-UbcH5¢c-NCP structure, UbcH5c interacts
only with BRCAI® and not with the NCP core (Fig. 1c). In agreement,
BRCAI*-BARD1® and BRCAI*-BARDI®-UbcHS5c have similar affinities
for the NCP (Extended Data Fig. 5a). The BRCA1®-UbcH5c binding
interfaceis canonical and centred on the UbcH5¢ S$94-P95-A96 motif**.
P95 contacts BRCAI® 126 in the first Zn**-binding loop and L51in the
RING motifcentral helix,and A96is close to P62 and L63 in the second
Zn*-binding loop (Fig. If).

A comparison of the BRCAI*~-BARDI®*-UbcH5¢c-NCP and RING1B®-
BMII*-UbcH5¢-NCP** complexes (Extended Data Fig. 5a—c) high-
lights how their markedly different NCP-binding modes determine
distinct ubiquitylation specificities, as discussed in the Supplementary
Text.



Molecular flexibility drives ubiquitylation

Owing to conformational flexibility, UbcH5c has the least defined
cryo-EM density in the BRCAI®~-BARDI®-UbcH5¢-NCP complex
(Extended Data Fig. 3a). UbcH5c undergoes large-amplitude hinge
motions around its interface with BRCAIR, with approximately 10 A
deviations for active site C85, perpendicular and parallel to the NCP
circular surface as shown by 3D variability analysis® (Supplementary
Video 1) and multibody refinement with principal component analy-
sis® (Extended Data Fig. 2b, Supplementary Video 2) of the cryo-EM
data. Further evidence of flexibility at the BRCA1*-UbcH5c interface
comes from NMR dataindicative of microsecond-to-millisecond time-
scale motion (Extended DataFig. 5d). BRCAI*~-BARD1? also undergoes
rigid-body motions with respect to the NCP surface, amplifying the
conformational space accessible to UbcH5c (Extended Data Fig. 2b,
Supplementary Video 2).

The dynamic fluctuations of UbcH5c and substrate NCP probably
contribute to the ubiquitylation mechanism. The C-terminal H2A
tail is disordered (Extended Data Fig. 1a), and together with highly
mobile UbcH5c define a ubiquitylation-proficient volume withinwhich
ubiquitin-loaded C85 of UbcH5c can transiently encounter and transfer
ubiquitin to an acceptor lysine in the NCP. Simulation of this confor-
mational flexibility (Extended Data Fig. 1c) predicted that only H2A
K125, K127 and K129 could be ubiquitylated. These were the residues
modified by UbcH5c and BRCAI®*-BARD1®® (Extended DataFig. 1a, b).

If correct, the ubiquitylation mechanism described above for
nucleosomal H2A should also apply to H2AX. In response to DSBs,
phosphorylation of H2AX at S139 (yH2AX) and ubiquitylation at K13
andK15 determine the chromatinrecruitment of several DNA damage
response proteins, including 53BP1. H2A and H2AX mainly differ in their
C-terminal tails, which, when aligned, showed only four conserved resi-
dues thatincluded H2AX K118, K119 and K127 (Extended Data Fig. 1d).
Our simulations predicted that only H2AX K127, K133 and K134 would
be modified by UbcH5c and BRCA1*-BARD1® (Extended Data Fig. 1c).
Using NMR spectroscopy and mutagenesis, we confirmed that these
three lysines were selectively ubiquitylated in vitro (Extended Data
Fig.1d, e). We determined that an NCP reconstituted with yH2AX was
likewise efficiently ubiquitylated (data not shown).

BRCA1 and yH2AX colocalize in cells after introduction of DSBs
and YH2AX is ubiquitylated, but at an unknown site (or sites)**. That
BRCA1-BARDI1 can catalyse ubiquitin conjugation to H2AX at one site
(K127) coincidental in H2A, and two sites (K133 and K134) different from
thoseinH2A, alludes that, as for H2A K127, ubiquitylation may contrib-
ute to the displacement of 53BP1 from yH2AX-containing chromatin
to promote homologous recombination DNA repair'.

BARD1recognizes H2AK13ubK15ub inthe NCP

The ubiquitylation of nucleosomal H2A by BRCA1-BARDL1is dependent
on DNA damage, but the molecular underpinning of BRCA1-BARD1
chromatin recruitment, whichrequires the E3 ligase activity of RNF168,
is not known. As BARD1 is essential for the chromatin localization of
BRCA1-BARDI (ref. ™), and as the only other folded regions of BARD1
downstream of the RING domain are an ankyrin repeat domain (ARD)
and atandem BRCT domain, we used single-particle cryo-EM to probe
theinteraction of BARD1 (residues 415-777) encompassing the ARD and
tandem BRCT domain (BARD1*®) with the NCP ubiquitylated at H2A K13
and K15 by RNF168 (Extended Data Fig. 6). The structure, with aresolu-
tion of 2.94 A (Fig. 2, Extended Data Figs. 6-8, Extended Data Table 1),
revealed several unexpected features for BARD1"®, which binds to the
H2AK13ubK15ub-bearing NCP (NCPH2AKI3ubKISuby it h g K, of approxi-
mately 0.2 uM (Extended Data Fig. 9a).

Insolution, the BARD1ARD and tandem BRCT domain, which are flex-
ibly connected, behave independently®, butin the NCP, they interact
ina V-shape conformation (Figs. 2, 3a). The ARD binds to the second

b BARD/
(BRCT)

OLY:

Ubiquitin
Fig.2|Cryo-EMstructure of BARD1 (ARD-BRCT) incomplex with the
nucleosome ubiquitylated at H2A K13 and K15. a, Cryo-EMreconstruction
of BARD1 (ARD-BRCT) incomplex with the NCP bearing H2AK13ubK15ub

presentedintwo orientations. Alinked construct was used for structure
determination as detailed inthe Methods. b, Structure of the complexin a.

BRCT domain through van der Waals or polar interactions via paired
residues K457-L667,L486-Q666, T489-L667, T490-L668, T490-P669,
N494-D673,N494-P669,1525-V720 and F526-N718 (Fig. 3b). The sec-
ond BRCT domain also contacts the only ubiquitin molecule detected
inthe cryo-EM density (Figs. 2,3a). The density is compatible with both
K13-linked or K15-linked ubiquitin, suggesting binding exchange involv-
ing the two ubiquitin molecules (Extended Data Fig. 9b).

Aspredicted”, ARD interacts with the N-terminal tail of H4, whichis
wellordered from A15to R23 (Fig. 3c). The most extensive interaction s
with H4K20meO, which sitsin anacidic cavity formed by the carboxy-
late groups of ARD E429, D458 and E467, which all form salt bridges with
the e-ammonium group of H4 K20. The side chain of H4 K20 also con-
tacts ARD W462. Other key interface residues are H4 H18, R19 and R23.
The side chain of H4 H18 contacts the indole of ARD W462 and forms
hydrogen bonds with the carboxylate groups of ARD E467 and E500.
The guanidinium groups of H4 R19 and R23 are hydrogen-bonded to
the hydroxyland carbonyl groups of ARD Y492 and H459, respectively.
Moreover, there are stabilizing interactions between the guanidinium
group of H4 R19 and the carbonyl and amide groups of H3 Q76 (Fig. 3¢).
Finally, the side chains of BARD1 ARD K423, H426 and R427 arein close
vicinity to DNA (Fig. 3¢). The increase in K; was approximately twofold
for mutationsin the ARD targeting H4-binding residues (E429A, D500A
or E467A) or DNA-binding residues (K423A or R427A) (Extended Data
Fig.9a).

The second BRCT domain of BARD1binds to the NCP surface (Fig. 3a,
d, e). BRCT R705 forms salt bridges with the carboxylate groups of
H2A E61, D90 and E92 in the NCP acidic patch (Fig. 3d). BRCT K708 is
hydrogen-bondedto the carboxylate group of H2A E64 (Fig.3d).Ina3,,
helix (residues 712-716) of the BARD1 BRCT domain, the carboxylate of
D712 formsanelectrostaticinteraction with H2B K116, and V713 interacts
withH109inthelasta-helixof H2B (Fig.3d, e). Theacidic patch-binding res-
idues contribute the most to the affinity of ARD-BRCT for NCPH2AKI3ubKisub_
The R705A mutationresulted in atleast 40-fold increasein K;and even
higher for the triple mutant R705A/K708A/D712A (Extended Data
Fig.9a). Mutating R705 and D712 was recently shown to sensitize cells
to inhibition of poly(ADP-ribose) polymerase, implying that these
residues are critical for homologous recombination DNA repair®2.
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Fig.3|Intramolecular andintermolecularinterfacesinthe cryo-EM
structure of BARD1bound to the nucleosome ubiquitylated at H2A K13 and
K15.a, Overview of theinteractions of BARD1 with histone proteins and
ubiquitininthe NCP context. BARD1ARD and tandem BRCT domain are
differentiated by grey and blue surfaces, respectively. b-f, Close-up views of

One face of the 3, helix in BARD1*® is also close in space to ubiq-
uitin, with BRCT Q715 and T716 contacting ubiquitin T66 and A46,
respectively (Fig.3a, e). There are also salt bridges involving BRCT R749
and R751 guanidinium groups and the carboxylate of ubiquitin E64,
and BRCT D729 and the ammonium group of ubiquitin K63 (Fig. 3e,
Extended DataFig. 9c). Mutations (Q715R,R749A or D729A) in BARD1"®
that were expected to affect ubiquitin recognition in NCP'2AKi3ubkisub
increased the K; by approximately 1.5-fold (Extended Data Fig. 9a).

Recognition of the ubiquitylated NCP represents anew function for
tandem BRCT domains, which are known to bind to phosphopeptide
motifs. BARD1 has putative phosphate-binding residues that are sol-
ventaccessiblein the NCP complex (Extended DataFig. 9d) and could
therefore be of functional importance. It was suggested that BARD1
mightbind to poly(ADP-ribose) in chromatin®, but therole of suchan
interaction remains unclear™*°,

BARDI1 blocks ubiquitin chain extension

In the structure of NCPH2AKBUbKISW b5 nd to BARD1*®, the ubiquitin
conformationis stabilized by direct interaction with the NCP (Fig. 3a,
f, Extended Data Fig. 9¢). The surface centred on ubiquitin 144 and
which includes G47, H68 and V70 contacts the last helix of H2B, with
144 interacting with H2B T119, H68 with H2B K116 and K120, V70 with
H2B S123, and the carbonyl of G47 forming a hydrogen bond with the
hydroxyl of H2B T119 (Fig. 3f). Thisarrangement is surprising as 144 and
the surrounding ubiquitin residues constitute the primary binding site
for many ubiquitin-binding proteins including 53BP1 (ref. %) and the
enzyme MMS2-Ubc13 that catalyses polyubiquitin chain extension
viaK63 (Ub(K63))*.

Such an unusual ubiquitin-binding mode offers a clue to a possible
regulatory mechanism for homologous recombination. With BARD1
and the NCP blocking ubiquitin K63 and 144, respectively, chainforma-
tion of Ub(K63) could be restricted. Animportant BRCAl-containing
complexinvolvedin the regulation of DNA repair, ARISC, isrecruited to
DNA damage ssitesin an RNF168-dependent manner through the RAPS8O
subunit, which specifically binds to di-ubiquitin in Ub(K63)0314244,
Among other functions, ARISC limits DNA repair by homologous
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the contactsbetween BARD1(BRCT) and BARD1 (ARD) (b); BARD1 (ARD) and
H4/DNA (c); BARD1 (BRCT) and the H2A-H2B acidic patch (d); BARD1 (BRCT)
and ubiquitin/H2B (e); and ubiquitinand H2B (f). Relevant side chains and polar
contactsidentified using PyMol (yellow dashes) are highlighted.

recombination®*¢, Sequestration of monoubiquitin in the NCP by
BARD1 may therefore reinforce homologous recombination during
DNA replication. We verified in vitro that BARD1*® inhibited Ub(K63)
polyubiquitin chain extension by MMS2-Ubc13 on NCPH2AKI3ubKisub
(Extended Data Fig. 9e).

H2AK13ubK15ub promotes distal NCP ubiquitylation

We have shown that BRCAI*~-BARDI? and BARD1*®independently bind
to the NCP with low affinity (Fig. 4a). However, these domains in com-
plete proteins may function cooperatively. The 292-residue linker in
BARD1 that tethers the RING and ARD-BRCT domains is long enough
to position these domains on opposite sides of the NCP (Fig. 4b). On
oneside, ARD-BRCT would recognize newly synthesized H4K20meO,
the H2A-H2B acidic patch and DNA damage-dependent H2AK13ub
or H2AK15ub marks. On the other side, BRCA1I-BARD1 RING domains
would efficiently catalyse the ubiquitylation of lysine residues in the
C-terminal tails of H2A and H2AX. Supporting such a multivalent NCP
recognition model, a BRCAI*~-BARD1""¢ construct encompassing
almost full-length BARDI (residues 26-777) displayed significantly
increased affinity for the NCP and NCPHAK13ubKIsub with K, of approxi-
mately 60 nM and approximately 20 nM, respectively (Fig. 4a). BRCA1*-
BARDI"*"¢was also more efficientin ubiquitylating the NCP at the three
C-terminal lysine residues, and even more when the NCP was already
ubiquitylated at H2A K13 and K15 (Fig. 4c). The combinatorial binding
mode demonstrated here at the level of a single NCP may also apply
to adjacent NCPs in chromatin with ARD-BRCT and BRCAI®*-BARDI®
binding different NCP units. Even if parental and newly synthesized
H3-H4 tetramers are not combined within the same NCP after repli-
cation¥, docking of BARD1 ARD-BRCT on a new, H4K20meO-bearing
NCP would still allow efficient ubiquitylation of the C-terminal tail of
H2A of an adjacent H4K20me2-bearing NCP.

Discussion

Our results reconcile two seemingly unrelated aspects of BRCA1-
BARDI-NCP recognition by linking H2A N-terminal and C-terminal
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Fig.4 | BRCA1-BARD1 multivalent recognition of the NCP ubiquitylated at
theH2AN terminus promotes NCP ubiquitylation at the H2A C terminus.
a, Affinities of theindicated BRCA1-BARDI1 constructs, GST-tagged BARD1
(ARD-BRCT) and GST for fluorescently labelled NCPs, non-ubiquitylated and
ubiquitylated at H2A K13 and K15 (NCP"2AK13ubKiswb) determined by fluorescence
polarization. Dataare mean +s.d. for each data point (n =3 independent
experiments). K, values are indicated. NB, no binding. b, Structural model
assembled from the cryo-EM structures of the BRCA1*~-BARDI*-UbcH5¢c-NCP
complexand BARD1 (ARD-BRCT) bound to NCPH2AKI3ubKISub The model
illustrates amultivalent binding mechanismin which BRCAI*~BARDI® and
BARDI (ARD-BRCT) bind to opposite sides of NCP"2AKI3ubkisub The BARD1
segment (blue dashed tube) connecting the ARD-BRCT and RING domains is
predicted tobedisordered. The disordered C-terminal tail of histone H2A
(H2A®"; yellow tube) that is ubiquitylated by BRCAI*~BARD1*-UbcH5c and the

ubiquitylation to provide an explanation for how BRCA1-BARD1
facilitates homologous recombination by antagonizing 53BP1.
Post-replicative DNA damage triggers ubiquitylation at the H2A N
terminus, which, onthe one hand, tightens BRCA1-BARD1 chromatin
association and, on the other hand, promotes ubiquitylation at the
H2A Cterminus. BRCAI-BARDI1 interaction with H2AK13ubK15ub and
H4K20meO may prevent chromatin association of 53BP1 by blocking
the methylation of H4K20. Ubiquitylation at the H2A C-terminal tail
hasbeen shown to recruit the chromatin remodeller SMARCAD]1, which
opposes the positioning of 53BP1 on NCPs bearing parental histone
H4K20me2 and DNA damage-triggered H2AK15ub™. Finally, by preclud-
ing the formation of polyubiquitin chains at H2AK13ubK15ub, BRCA1-
BARDI1 may also oppose the homologous recombination-limiting
function of ARISC.

The intramolecular (ARD-BRCT) and intermolecular interfaces
revealed in the 3D structure of BARD1*® bound to the ubiquitylated NCP
will be of value to assess the possible oncogenicity of BARD1 missense
mutations identified in patients with cancer, the vast majority of which
are classified as ‘variants of unknown significance’. A non-exhaustive
survey of the ClinVar database reporting variants in patients with
cancer shows that there are mutationsin all of the interfacial regions,
including ARD-BRCT, ARD-H4, ARD-DNA, BRCT-H2A, BRCT-H2B

putative phosphate-bindingsite (pink) in BARD1 (BRCT) are shown. ¢, Left,
comparison of NCP and NCPH2AKI3ubk1sub  higyitylation by BRCAI*-BARDI1® and
BRCAI1*-BARDI1", Fractions of total H2A ubiquitylated (at the C terminus)
were quantified fromband intensities of fused H2A-H2B (non-ubiquitylated
and ubiquitylated) inan anti-H2A western blot. Quantification using anti-H2B
antibody produced similar results. Dataare mean +s.d. for each point (n=3
independent experiments). Pvalues were calculated inreference to BRCA1R-
BARD1®+ NCP ubiquitylation using a two-sample, two-tailed Student ¢-test;
'P<0.05,"P<0.01, "P<0.001and notsignificant (NS). Exact Pvalues are
providedin Supplementary Table 1. Right, representative western blotimages
for the ubiquitylation reactions. Histone and ubiquitin antibodies were used to
show starting substrates and ubiquitylated products. For gel source data, see
Supplementary Fig. 2.

and BRCT-ubiquitin (Extended Data Fig.10). Itis possible that several
of the mutations that map to the interfaces highlighted in our study
perturb the modes of action of BRCA1-BARD1 and contribute to cancer
phenotypes.
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Methods

Cloning

All proteins produced in this study have the human sequences. These
proteins include histones H2A and H2B prepared as a fusion of H2A
to the C terminus of H2B as previously reported (H2A-H2B)** and a
similar fusionin which H2A is replaced by histone variant H2AX (H2AX~
H2B); histone H3; histone H4; UbcH5c; a fusion of BRCA1 (residues
1-100)-BARDI (residues 26-122) or BRCAI*~-BARD1%; and a fusion of
BRCA1*-BARD1* and UbcH5c with a 24-residue linker ((GGS)g) between
UbcH5c and BRCAIR (BRCA1R-BARD1R-UbcH5c). These proteins all
have an N-terminal His, tag cleavable by human rhinovirus 3C (HRV3C)
protease. A fused construct of H2B-H2A-(GGS),-UbcH5¢c-(GGS)g—
BRCAI®-BARDI® (referred to as BRCA1*~-BARD1*-UbcH5¢c-H2A-H2B)
consisting of covalently linked H2B, H2A, UbcH5c and BRCAI®*-BARD1?
was cloned with an N-terminal His,-maltose-binding protein (His,~MBP)
tag that can be cleaved by the tobacco etch virus (TEV) protease. A
construct containing the ARD and tandem BRCT domain (residues
415-777) of BARDI (referred to as BARD1 (ARD-BRCT) or BARD1*?) was
clonedwithanHRV3C-cleavable N-terminal GST tag and anon-cleavable
C-terminal His, tag. A fused construct of H2B-H2A-(GSGGSGGSGS)-
BARDI(residues 415-777) (referred to as BARD1*2-H2A-H2B) was
cloned with an N-terminal His,~MBP tag cleavable by the TEV pro-
tease. BRCAI (residues 1-100)-BARD1 (residues 26-777) (referred to
as BRCAI®*-BARDI1*°"¢) was also cloned with an N-terminal His,~MBP tag
cleavable by the TEV protease and anon-cleavable C-terminal His, tag.
Other proteins used were ubiquitin (with no tag or with anon-cleavable
N-terminal His, tag), UBA1, RING1B*-BMI1* and MMS2-Ubcl13, and
were cloned as previously reported**°=2, Mutations to the various
constructs were introduced by standard site-directed mutagenesis.

Protein expression and purification
All proteins were expressed in BL21(DE3) Escherichia coli cells. Cells
transformed with histones H2A-H2B, H2AX-H2B, H3, H4 or ubiquitin
were grown at 37 °Cin LB or isotope-enriched M9 medium to an OD,
of approximately 0.6 and then induced with 0.5 mM isopropyl -D-
1-thiogalactopyranoside for 3 h. Cells transformed with the other plas-
mids were grown similarly butinduced at 15 °C for approximately 16 h.
Collected cells were lysed using an Emulsiflex C5homogenizer (Aves-
tin). The H2A-H2B dimer, UBA1, UbcH5c, ubiquitin, RING1BR-BMI1R,
MMS2-Ubcl13 and the H3-H4 tetramer proteins were purified using
published protocols**#5°-55, Purifications of H2AX-H2B and BRCA1®-
BARDI1* followed those of H2A-H2B*¥ and UbcH5¢>, respectively.
Both BRCAI*~-BARD1?-UbcH5¢c-H2A-H2B and BARD1*®-H2A-H2B
were initially purified by Ni*>-NTA agarose chelation chromatogra-
phy (Qiagen) using solutions of 50 mM sodium phosphate (NaPi), 1M
NacCl, 5% (v/v) glycerol, pH 7.5, with 5 mM (bind buffer), 20 mM (wash
buffer) and 200 mM imidazole (elution buffer). Their His,—MBP tags
were cleaved by addition of TEV protease overnight at 4 °C. To sepa-
rate BRCAI*-BARDIR-UbcH5c-H2A-H2B or BARD1*®-H2A-H2B from
His,~MBP, the samples wereloadedintoa5mlHisTrap HP column (GE
Healthcare) equilibrated with the bind buffer and then eluted using a
gradient of the bind and elution buffers. Proteins of interest eluted at
around 20 mM imidazole and were subsequently buffer-exchanged:
BRCA1*-BARD1R-UbcH5c-H2A-H2B in 20 mM Tris-HCI, 2 M NacCl,
1mM dithiothreitol, pH 7.5 (octamer buffer), and BARD1**-H2A-H2B
in 50 mM NaPi, 300 mM NacCl, pH 7.5 (SEC buffer), using centrifugal
concentrators (MilliporeSigma). The latter was ubiquitylated at H2A
K13 and K15 with UBA1, RNF168 and UbcH5c following a published
method* and then purified by size-exclusion chromatography using
aSuperdex 200 16/60 column (GE Healthcare) and octamer buffer.
Purification of BRCAI*~BARDI1"°" was similar to that of BRCA1*-
BARD1*-UbcH5c-H2A-H2B and BARD1**~-H2A-H2B, butincluded an
MBPTrap (GE Healthcare) purification before cleavage of the His.-MBP
tag, and two passages through a Superose 6 Increase 10/300 GL (GE

Healthcare) in SEC buffer before and after the HisTrap HP step. Bind and
elution buffersfor MBPTrap were 20 mM Tris-HCI,200 mM NaCl,1mM
dithiothreitol, pH 7.4, without and with 10 mM maltose, respectively.

GST-tagged BARD1*® was purified through several chromatographic
steps: GSTPrep FF16/10 (GE Healthcare) in1x PBS, pH 7.3, withoutand
with10 mM reduced glutathione; Superdex20016/60, 5mlHisTrap HP,
and final Superdex 200. Superdex 200 was run with SEC buffer, while
buffers for HisTrap HP are described above.

Nucleosome preparation

To form histone octamers, equimolar amounts of H3-H4 and H2A-H2B
or H2AX-H2B or BRCAI®*-BARDI®-UbcH5c-H2A-H2B or ubiquity-
lated BARD1*®-H2A-H2B were mixed in the octamer buffer and puri-
fied using a Superose 6 Increase 10/300 GL column (GE Healthcare)
equilibrated with the octamer buffer. To make the NCP complexes, the
purified octamers and the 147 bp Widom 601 DNA were combined at
equimolarratios and reconstituted by following a salt gradient dialysis
protocol®. The DNA was prepared as previously described”. Nucle-
osomes reconstituted from H2A-H2B or H2AX-H2B (both referred
to as NCP) were then purified using a Superose 6 Increase 10/300 GL
column equilibrated with 20 mM Tris-HCI, 1 mM dithiothreitol,
pH 7.5 buffer for subsequent ubiquitylation assays. The nucleosomes
reconstituted with BRCAI*~-BARD1*-UbcH5c-H2A-H2B (referred to
as BRCA1*-BARDI®-UbcH5¢-NCP) or ubiquitylated BARDI*®-H2A-
H2B (referred to as BARD1*®*-NCPub) were purified similarly but using
10 mM HEPES, 100 mM NaCl, 1 mM dithiothreitol, pH 7.5 (cryo-EM
buffer) for subsequent structural characterization.

Ubiquitylation assays

Inatypicalubiquitylationassay,a50 pl reaction mixture containing 50 mM
Tris-HCI,100mMNaCl,pH7.5,10mMMgCl,, 1uMZnCl,, ImMTCEP, 1.6-2puM
UBAL, 2 uM UbcH5c, 2 uM BRCAIR-BARDIR, 18 uM ubiquitin and 3 pM
H2A-H2B-containing NCP was prepared. Aliquots were takenatt=0
(before addition of 3mM ATP) and at£=30, 60 and 90 min after ATP addi-
tionand incubation at 32 °C. For ubiquitylating H2AX-H2B-containing
NCPs, time pointswere t=0, 5,10 and 20 min. Aliquots were then mixed
withequal volumes of 2 x Laemmli dye. Samples were run on SDS-PAGE
gels (4-15% TGX; Bio-Rad) at 200 V for approximately 25 min. Gels were
then either immunoblotted or Coomassie-stained and imaged using
Alphalmager 2200 with AlphaEaserFC software 3.1.2 (Alpha Innotech).

For comparing the ubiquitylation efficiencies of BRCAI*~-BARDI?
versus BRCAI®-BARDI1""¢, 1.6 uM UBAL, 20 uM of ubiquitin and 3 pM
of non-ubiquitylated and H2AK13ubK15ub-bearing NCPs were used.
Moreover, aliquots were takenatt=0, 4, 8 and 16 min.

For comparing the ubiquitylation efficiencies of BRCAI*~-BARD1®
versus RING1BR-BMIIR, using wild type and mutants of UbcH5c and
BRCA1R, the following modifications were used: 1.8 uM UBAL, 18 pM
ubiquitinand 3.4 uM NCP, and t =0 and 90 min.

Each time the enzymatic assay was performed on a set of NCP com-
plexes, wild-type NCP was included to serve as a control or reference
for comparing ubiquitylation efficiencies. Similarly, in carrying out
the assay with the different mutants of BRCA1*~-BARDI® or UbcH5c,
wild-type counterparts were alsoincluded as references. All reactions
were donein triplicates.

Inhibition of polyubiquitylation

Fromareaction mixture containing 50 mM Tris-HCI, 100 mM NaCl, pH
7.5,10 mM MgCl,, 1 pM ZnCl,, 1 mM TCEP, 1.6 pM UBALI, 2 pM UbcH5c,
2 uM MMS2-Ubc13, 20 pM ubiquitin and 1 uM non-ubiquitylated and
H2AK13ubK15ub-bearing NCPs, several aliquots were taken. One ali-
quot did not have ATP added, while the others had 2.5 MM ATP and no
or increasing concentrations of GST or BARD1*® added. Final buffer
conditions were made identical in all aliquots before incubation at
32°C.After2h, thereactions were quenched by adding equal volumes
of 2 x Laemmli dye. Samples were run on SDS-PAGE gels (4-15% TGX;
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Bio-Rad) at200V for approximately 25 min. The above reactions were
repeated three times.

Westernblots

After samples were electrophoresed on an SDS-PAGE gel (4-15% TGX;
Bio-Rad), protein bands were transferred onto a nitrocellulose membrane
(Trans-Blot Turbo System, Bio-Rad) for westernblot analysis. The mem-
brane was blocked with 5% (w/v) non-fat milk in TBST (50 mM Tris-HCI,
150 mM NacCl, pH 7.6, and 0.1% (v/v) Tween 20 for 1 h at room tempera-
ture), incubated with primary antibody (1:1,000 dilution in TBST with
1% (w/v) BSA, overnight at 4 °C), washed 5 x 5 min with TBST, incubated
withHRP-conjugated secondary antibody (1:5,000 dilutionin TBST with
1% (w/v) non-fat milk for 1 hat roomtemperature), washed 5x 5minwith
TBST, and developed with an ECL reagent for chemiluminescentimaging
using a ChemiDoc MP system with Image Lab software 6.0.1 (Bio-Rad).
Acolorimetricimage of pre-stained molecular weight standards (Preci-
sion Plus Protein Dual Colour Standards, 161037, Bio-Rad) was also taken
and merged with the chemiluminescent image of the same blot for the
purpose of estimating the molecular weight of sample protein bands.
The following antibodies were used: histone H2B rabbit monoclonal
(8135, Cell Signaling Technology), histone H2A rabbit polyclonal (07-
146, MilliporeSigma), ubiquitinmouse monoclonal (3936, Cell Signaling
Technology), phospho-histone H2AX (Ser139) mouse monoclonal (80312,
CellSignaling Technology), anti-rabbit IgG HRP-linked (172-1019, Bio-Rad)
and anti-mouse IgG HRP-linked (7076, Cell Signaling Technology).

Quantification of protein bands

Quantification of bands in Coomassie-stained gels and unmerged
chemiluminescent images were performed using ImageJ v.1.53e
(NIH). The bands for ubiquitin (single and multiple) and the differ-
ent species of H2A-H2B or H2AX-H2B, including non-ubiquitylated,
mono-ubiquitylated and multi-ubiquitylated, were used for quantifica-
tion. Initially, rectangles were first placed around these bands. After
subtracting background noise, corresponding intensities were then
extracted. Todetermine the totalamount of H2A-H2B in each lane, the
intensities of the different H2A-H2B speciesin that lane were added. To
calculate the fraction of a particular H2A-H2B speciesin each lane, its
intensity was divided by the summed intensities in that lane. Similarly,
the totalamount of ubiquitin was calculated fromits intensity at ¢=0;
the fraction of consumed ubiquitin was the ratio of ubiquitinintensities
atacertaintime over t=0. For the statistical analysis of the above quan-
tifications, Pvalues were calculated using the two-sample, two-tailed
Student ¢-test in OriginPro 9 (OriginLab). The following designations
were used in the figures: P < 0.05,"P<0.01, "P< 0.001and NS for not
significant. Exact Pvalues are reported in Supplementary Table 1.

Fluorescent labelling of the nucleosomes

Two millilitres of a 50 pM purified histone H2A-H2B (unmodified and
ubiquitylated at H2A K13 and K15) containing the H2B D51C mutation
in SEC buffer was incubated with 0.5 mg (dissolved in 100 pl DMSO)
Oregon Green 488 C85 maleimide (Thermo Fisher Scientific) for2hat
room temperature and then for 1 h at 4 °C. The reaction was stopped
by addition of B-mercaptoethanol to afinal concentration of 150 mM.
Fluorescently labelled H2A-H2B was separated from unreacted dye
by size-exclusion chromatography using a Superdex20010/300 col-
umn (GE Healthcare) and was subsequently used for octamer and NCP
reconstitution as described above. Labelling efficiencies for H2A-H2B
(or NCPs) were estimated from the absorbances at 280 (or 260) and
498 nm, using an extinction coefficient of 80,000 M'cm™ at 498 nm
and appropriate correction factors for Oregon Green. A labelling yield
of 70-90% was typically obtained for the histone and NCP samples.

Nucleosome-binding assays
For the fluorescence polarization binding assays, wild-type and mutant
samples of BRCAI®*-BARDI® (0.009-150 uM final concentration range),

BRCAI*-BARDI®-UbcH5¢ (0.009-150 pM final concentration range),
BRCAIR-BARD1*°" (0.00015-2.5 uM final concentration range),
GST-tagged BARD1*® (0.0012-20 pM final concentration range) or
GST (0.0012-20 pM final concentration range) were mixed with labelled
NCPs (non-ubiquitylated and ubiquitylated at H2A K13 and K15; 5 nM
final concentration) in 384-well microplates (Corning). The final mix-
turehadavolume of 20 plin the fluorescence polarization buffer (20 mM
Tris-HCI, pH 7.4, 0.01% (v/v) NP-40 and 0.1 mg/ml BSA) with 50 mM
NaCl. Probing theinteraction of RING1B*-BMI1* with the NCP was done
similarly but using 0.001-22 uM and 0.003-109 pM RING1B®-BMI1®
final concentration ranges and fluorescence polarization buffers
containing 50 and 100 mM NaCl, respectively. The fluorescence
polarization measurements were carried out using a CLARIOstar Plus
microplate reader (BMG Labtech) after incubating each microplate
at22 °Cfor 5min. Polarization data were converted to fraction bound
as previously described*®*. The data were fitted using the quadratic
equation:

S= Smin + (Smax - Smin)
% (Kd Rt Ltot) B J(Kd"'Rtot + Ltot)2 ~4 % Rio % Liog
2% Rior

inwhich Sis the fluorescence polarization signal, S,,,, and S, corre-
spond to the maximum and minimum plateaus of the binding curve,
R..and L correspond to the total concentrations of the nucleosome
and binding protein, respectively, and K, is the dissociation constant.
Data processing and K; determination were done using OriginPro 9
(OriginLab). Eachbinding curve was obtained using three sets of sam-
ples, with each sample set read three times.

Asameans of further validation, all the curves were also fitted with
the Hill equation:

1h

$=S . +(S.. . —-S )X ———
min max min: Kg"’Lh

inwhich his the Hill coefficient and L is the total concentration of the

binding protein, with all other parameters defined as in the previous

equation. All fitted K; values are very close to those obtained from the

quadratic equation, with A values close to 1.

Cryo-EM sample preparation and data collection
Many different conditions were tested to produce optimal cryo-EM
samples. The best-quality data were obtained with mild glutaralde-
hyde crosslinking performed on-column®® at 4 °C. A Superdex 200
Increase10/300 GL column (GE Healthcare) was first equilibrated with
the cryo-EM buffer, and then 500 pl of 0.2-0.5% (v/v) glutaraldehyde
(MilliporeSigma) was injected into the column. After passing 6 ml of
the cryo-EM buffer atarate of 0.3 ml/min during which glutaraldehyde
gets diluted, the run was stopped. The injection loop was flushed with
cryo-EMbuffer,and 500 pl of approximately 1 mg/ml BRCAI®-BARD1?-
UbcH5c-NCPwasinjected. The cryo-EM buffer was passed through the
columnataflow rate of 0.25ml/min, and fractions of interest were col-
lected and concentrated to approximately 0.3 mg/ml. Sample quality
was assessed on 12% SDS-PAGE and 5% native PAGE. This mild on-column
crosslinking was essential for obtaining high-quality cryo-EM data.
For BRCAI*-BARDI®-UbcH5c-NCP, we had initially used off-column
crosslinking with 0.1% (v/v) glutaraldehyde for 5-15min at 4 °C, but
this led to much poorer-quality cryo-EM density and lower resolution,
with repositioning of BRCAI®~-BARDI® towards histones H3 and H4.
Such structure may represent alow-population conformation trapped
by crosslinking of the flexible complex (Supplementary Fig. 7, Sup-
plementary Table 2). These datawere not retained for further analysis.
Four microlitres of freshly prepared BRCA1*-~-BARD1*-UbcH5¢c-NCP
sample was next applied to glow-discharged Holey Cu grids (Quantifoil



R1.2/1.3,300 mesh; Electron Microscopy Sciences) mounted in the
chamber of a Thermo Fisher Scientific FEI Vitrobot Mark IV maintained
at4 °Cand 100% humidity. The grids were blotted for 4 s at a blotting
force of O before freezing in liquid ethane. Cryo-EM data were col-
lected at the Pacific Northwest Cryo-EM Center (PNCC) using a Thermo
Fisher Scientific FEI Titan Krios electron microscope operated at 300 kV
with a Gatan K3 direct electron detector in super-resolution mode, at
anominal magnification of 22,500 and a pixel size of 0.5155 A. Data
were collected at anominal dose of 50 e /A2 over 50 frames per movie
and 1.0 e /A? per frame. In total, 5,490 super-resolution movies were
collected. Allimages were recorded with adefocus in the range of 0.5
and-3.5um.

The BARD1*B-NCPub sample was prepared using the same proto-
col as above. Cryo-EM data of BARD1*®*~-NCPub were also collected
at PNCC using a Thermo Fisher Scientific FEI Titan Krios electron
microscope operated at 300 kV with a K3 direct electron detector
in super-resolution mode. Data were acquired at a nominal magnifi-
cation of 22,500, pixel size of 0.51375 A and nominal dose of 51 e /A?
over 59 frames per movie and 0.87 e /A% per frame. A total of 5,051
super-resolution movies were collected. All images were recorded
with adefocusin the range of -0.5and -3.5 pm.

Cryo-EM data processing

Cryo-EM data for BRCA1I*~-BARDI*-UbcH5c-NCP were processed
with cryoSPARC (v2.14)%" and RELION 3.0%*%*, The movies were first
motion-corrected, dose-weighted and binned using the RELION 3.0
implementation of MotionCorr2%*. The resulting images, with a pixel
size of 1.031 A, were exported to cryoSPARC where a patch-based con-
trast transfer function (CTF) estimation was then performed. After
evaluating the images, 5,245 images were retained for the next steps.
From100 of these images, 53,130 particles were selected and cleaned
using blob particle picking, generating 2D references that were used
for further template-based particle picking. Using all 5,245 images, a
total of 6,380,972 particles were picked, which after clean-up and 2D
classification, resulted in a new dataset 0f 1,185,069 particles. This
new dataset was then used for 3D ab initio reconstruction and initial
classification. The class with clearly defined nucleosome densities was
used for the next round of 3D classification.

The dataset was further cleaned up to exclude those particles
with distorted nucleosome densities, generating the next dataset of
383,298 particles with well-defined nucleosome density. Additional
rounds of 3D classification generated a clean class of 74,575 particles
with well-defined density for BRCA1®, BARDI® and UbcHS5c. This lat-
est class was exported to RELION 3.0 where CTF refinement, beamtilt
estimation and Bayesian polishing were performed. The class of 74,575
particles was refined to a resolution of 3.28 A as given by the Fourier
shell correlation criterion (FSC 0.143) using non-uniform refinementin
cryoSPARC. The shiny particles from RELION 3.0 were used for focused
classification without alignment using a mask encompassing BRCAI,
BARDI®and UbcH5c, further reducing the dataset to 30,234 particles.
This class of 30,234 particles was refined to 3.4 A (FSC 0.143). The shiny
particles were also exported back to cryoSPARC for further 3D classi-
fication, where the best-resolved reconstruction was refined to 3.4 A
(FSC0.143). Thelocal resolution of the reconstructed map was assessed
in RELION 3.0.

Cryo-EM data for BARD1*E-NCPub was processed using cryoSPARC
(v2.15). Allmovies were motion-corrected, dose-weighted and binned
using patch-motion correction, to a final pixel size 0f 1.0276 A. CTF
estimation was also performed. At the outset, 51images were selected
to pick 72,219 particles using blob picker. Initial class averages were
calculated for these particles and then used for template-based particle
pickingonthe entire dataset. Atotal of 6,518,285 particles were picked.
After performing 2D classification, 1,399,200 particles were retained.
These particles were used to generate three initial reconstructions,
the best resolved of which, with 764,879 particles, was next used as a

template for 3D classification using heterogeneous refinement. After
tworounds of 3D classification, two well-resolved classes 0f 173,398 and
131,853 particles were produced. Using particles from one (173,398) and
bothclasses (305,251) for further refinement, final resolutions of 3.05 A
and 3.01 A were achieved (FSC 0.143 criterion). In a parallel process-
ing, the 764,879 particles were further 3D classified yielding 243,883
cleaned particles. This set of particles was used for CTF refinement,
beamtilt correctionand local refinement, resultinginafinal resolution
0f2.94 A. The local resolution of the reconstructed map was assessed
in cryoSPARC (v.2.15).

For both datasets, directional Fourier shell correlation curves and
density map anisotropy were quantitatively assessed using 3DFSC®.

Model building and validation

Tobuild aninitial model of BRCA1®, BARD1? and UbcH5¢ bound to the
NCP, the crystal structure of the human NCP reconstituted with fused
H2A-H2B and Widom DNA sequence (G.M., unpublished data), the
NMR structure of BRCA1-BARD1 RING domains?” (PDB: 1JM7) and the
crystal structure of UbcH5c¢ (PDB: SEGG) were first rigid-body fitted
in the reconstructed density map of BRCA1*~-BARD1*-UbcH5c-NCP
using PHENIX (v.1.18.2-3874)%. Using COOT (v.0.8.9.2)*’, DNA and his-
tone structures were extended in the regions where cryo-EM density
allowed. This fitted model was then subjected to iterative local and
global real-space refinement in COOT and PHENIX. Restraints were
imposed during the refinement to keep the model close to the refer-
ence structures. Model-map Fourier shell correlation was calculated
using the criterion of 0.5.

Theinitial model of BARD1*-NCPub was generated similarly using
the crystal structure of the NCP reconstituted with fused H2A-H2B
and the crystal structures of the BARD1 tandem BRCT domain®®*°
(PDB: 2NTE), the BARD1 ARD domain® (PDB: 3C5R) and ubiquitin”
(PDB:1UBQ) by rigid-body docking against the reconstructed density
map of BARD1**~NCPub in PHENIX. The H4 N-terminal tail, which was
invisible in the NCP crystal structure, was added in COOT. Iterative
real-space refinement was performed in PHENIX and COOT. Isopeptide
bond restraints were applied for the isopeptide bond between G76 of
ubiquitin and K13 or K15 of H2A. Since both K13 and K15 of H2A were
ubiquitylated but only one ubiquitin molecule was visible in the density
map, and the density for the isopeptide bond region was relatively weak,
we speculated that ubiquitin on K13 and K15 was present as amixture.
Thus, inthe final refinement, theisopeptide bond was left unrestrained.

Forall cryo-EM structures, cross-validation was performed by refin-
ing the final model against one of the half-maps (Map,,,) and Fourier
shell correlation curves were calculated between the refined model
and each half-map (Map,,,, and Mapy,..) and full map (Mapy,,). Model
resolution was determined using the Fourier shell correlation calcu-
lated between the model and the full map at 0.5 criterion. The final
structures of BRCAI*-BARDI1*-UbcH5¢c-NCP and BARD1*®~NCPub
display excellent stereochemistry, as assessed by MolProbity”. Figures
ofthe cryo-EM density maps and models were prepared using Chimera
(v.1.13.1)2, ChimeraX (v.0.91), COOT and PyMol (v.2.3.2) (Schrodinger).

Conformational flexibility analysis

The molecular flexibility of BRCA1*~-BARD1*~-UbcH5c-NCP was
assessed using 3D variability analysis with cryoSPARC (v,2.15)* and
RELION 3.1-based multibody refinement with principal component
analysis®. For multibody refinement, the system was split into three
bodies using masks corresponding to BRCAI*~-BARDI®, UbcH5c and
the NCP. For the principal component analysis, six eigenvectors were
used to identify motions involving the three bodies.

NMR spectroscopy

AIINMR experiments were performed on a Bruker Avance 111700 MHz
spectrometer, equipped withatriple-resonance cryoprobe. NMR spec-
tra were processed with NMRPipe/NMRDraw”™ and analysed using
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Sparky 3.115 (T. D. Goddard and D. G. Kneller, University of Califor-
nia) and NMRFAM-Sparky 1.414. NCP samples reconstituted with
5N/C-labelled H2A-H2B or ®N/“C-labelled H2AX-H2B in 50 mM
NaPi, 100 mM NaCl, 5mM TCEP, pH 7.0, and 90% H,0/10% D,0 (NMR
buffer) were prepared for backbone resonance assignments. Standard
triple-resonance experiments were collected on these samples at 25 °C.
NCP samples reconstituted with ®N-labelled H2A-H2B or H2AX-H2B
were prepared for monitoring ubiquitylation reactions at 25 °C.

To monitor ubiquitylation, an initial SOFAST-HMQC”® spectrum
was acquired on 40 pM of ®N-labelled NCP with added non-labelled
0.2 uM UBAL1, 5 uM BRCA1*-BARDI®-UbcHS5c and 240 pM ubiquitin.
Immediately after the addition of 7 mM ATP to the sample, a series of
approximately 100 SOFAST-HMQC spectrawere collected. Intensities of
asubset of the NCP signals (those without any overlap) were extracted
and plotted as a function of time. The attachment of ubiquitin on the
NCP caused changes in the electronic environment of some amino
acidsinthe NCP, resulting in changes in signal intensities. By tracking
these changes, we were able to locate ubiquitylation sites on the NCP.

Accessibility of H2A and H2AX residues for ubiquitylation

To assess the accessibility of H2A or H2AX C-terminal tail residues to
UbcH5c catalytic cysteine C85, the conformational space sampled
by the C-terminal tails of H2A (residues 118-129) and H2AX (residues
118-142) was simulated using GROMACS””. For these simulations, the
C-terminal tail residues of H2A and H2AX were free to sample any chemi-
cally allowed conformations while the NCP core was fixed. From 500
simulated structures, the distances between the a-carbon of each
C-terminal tail residue of H2A or H2AX and that of H2A or H2AX P117
were measured and the maximum distance for each residue was then
subtracted from the distance separating the sulfur atom of C85in
UbcHS5c and the a-carbon of P117. P117 is the last H2A or H2AX residue
within the folded NCP core. To account for the motion of UbcH5c in
the BRCAI*-BARDI®-UbcH5c-NCP cryo-EM structure, the closest pos-
sible distance between the C85 sulfur atom and the P117 a-carbon was
estimated from the 3D variability analysis done with cryoSPARC (v2.15).
The distance between the lysine e-amino group and its a-carbon, esti-
mated tobe 5.5+ 0.6 A by statistical averaging, was taken into account
in our analysis.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The atomic coordinates and EM maps have been deposited in the
Protein Data Bank under accession codes 7LYA (NCP), 7LYB (BRCAI®-
BARDI®-UbcH5¢c-NCP) and 7LYC (BARD1(ARD-BRCT)-NCPH2AKi3ubKsub) |
andin the Electron Microscopy Data Bank under corresponding acces-
sioncodes EMD-23590, EMD-23591 and EMD-23592. Raw gels and blots
areprovided in Supplementary Figs. 1-6. Reagents from this study are
available from the corresponding author on request.
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Extended DataFig.1|Site-specific ubiquitylation of nucleosomal histones
H2A and H2AX by BRCAI®-BARD1® and UbcH5c. a, Left: time-course
ubiquitylation of nucleosomal H2A catalysed by BRCA1*-BARD1*-UbcH5¢
probed using NMR spectroscopy at 25 °C. Changes insignal intensities in the 'H
5N heteronuclear single quantum coherence (HSQC) spectra of the NCP
harbouring “N-labelled H2A-H2B were monitored. Right: overlay of the 'H-*N
HSQC spectrabeforeand1,000 min after the start of the ubiquitylation
reaction. Signals fromremnant tag residues are labelled in black. b, Left:
Coomassie-stained gels as readout of the ubiquitylation of wild-type (WT) NCP
and NCPs harbouring double-point and triple-point mutationsin H2A as
indicated, using BRCAI®-BARD1* and UbcH5c. The lysine residues being
monoubiquitylated areindicated inred. Right: quantification of the NCP
ubiquitylation from n=3independent experiments. Bar graphs show the mean
ands.d. for each data point. Pvalues were calculated using atwo-sample, two-
tailed Student t-test; ' P<0.05, "P<0.01,"P<0.001, NS means not significant.
Exact Pvaluesare provided in Supplementary Table 1. For gel source data, see
SupplementaryFig. 3. ¢, Estimation by simulation of the conformational space
sampled by fluctuating conformations of H2A, H2AX and UbcH5c in BRCA1*
BARDI®-UbcHS5c-bound NCP (see Methods). The graph shows the
ubiquitylation space accessible to the C-terminal tails of H2A (residues 118—
129) and H2AX (residues 118-142). The red dashed line indicates a 3-5 A distance
between the thiol group of the active site cysteine C85 of UbcH5c and an
acceptor lysine e-amino group that allows ubiquitin transfer. The cyan shaded

areabelow thisline shows the histone residues accessible for ubiquitylation. A
negative distanceindicates that the distance between the sulfur atom of C85
and ana-carbon of H2A or H2AX canbe short enough to permit ubiquitylation
ifthe corresponding acceptor residueisalysine. Only H2A and H2AX residues
123-129 and 123-142, respectively, satisfy this condition. Three of these
residuesarelysinesin H2A (K125, K127 and K129) and H2AX (K127,K133 and
K134). The conformational variability of UbcH5c was accounted for in these
calculations. d, Left: amino acid sequence alignment of H2A and H2AX
C-terminal tails and time-course ubiquitylation of nucleosomal H2AX
catalysed by BRCA1®-BARD1*-UbcH5c¢ probed using NMR spectroscopy at
25°C.Changesinsignalintensitiesinthe'H-*N HSQC spectraof the NCP
harbouring ®N-labelled H2AX-H2B were monitored. Right: overlay of the 'H-*N
HSQC spectrabefore and 1,000 min after the start of the ubiquitylation
reaction. Signals fromremnant tag residues arelabelled in black. e, Left:
Coomassie-stained gels as readout of the ubiquitylation of the NCPs
harbouring WT and double-pointand triple-point mutationsin H2AX as
indicated, using BRCAI®-BARD1® and UbcHS5c. The lysine residues being
monoubiquitylated areindicated inred. Right: quantification of the NCP
ubiquitylation fromn=3independent experiments. Bar graphs show the mean
ands.d. for each data point. Pvalues were calculated using atwo-sample, two-
tailed Student t-test; ' P<0.05,"P<0.01,"P<0.001, NS means not significant.
Exact Pvaluesare providedin Supplementary Table 1. For gel source data, see
Supplementary Fig. 3.
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Extended DataFig.2|Processing of cryo-EM datafor the BRCAI*-BARD1®-
UbcH5c-nucleosome complex. a, Flow chart showing the stages of cryo-EM
image processing. Atotal of 5,490 micrographs was collected ona Titan Krios
300 kV microscope and subjected tobeam-induced motion correction. Data
processing was done using cryoSPARC (v2.14) and RELION 3.0. The
reconstruction of BRCAI*-BARDI*-UbcH5¢c-NCP with the highest resolution
was selected for building an atomic model. Cryo-EM density reconstruction for
theapo NCP (particles with no detectable density for BRCAI®-BARD1*-UbcH5c)
wasalso carried out and is schematized by blue arrows. After 3D models were

built, ther.m.s.d. over allNCP backbone atoms between the apo and complex
statesis 0.29 A, notincluding the histone tails, which are not detected in the
two densities. b, Multibody refinement and conformational dynamics analysis
of BRCAI®-BARD1*-UbcH5¢-NCP using RELION 3.1. Six principal components
were used to describe motions among three rigid bodies corresponding to
BRCAI®-BARDI®, UbcH5c and the NCP, with the two extreme conformations for
eachrigidbody displayed in grey and blue. Rigid body movements of BRCA1*-
BARDI®, UbcH5c and BRCAI®-BARDI®-UbcH5c as awhole are indicated by
orange, red and black curved arrows, respectively.
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Extended DataFig. 3| Validation of EM data and sample cryo-EM density for
the BRCA1®-BARD1®?-UbcH5c-nucleosome complex. a, Local resolution
distribution displayed on thereconstructed cryo-EM density map of the
BRCAI®-BARDI®-UbcHS5c-nucleosome complex. b, Top: Euler angle distribution
generated using RELION 3.0 for the particles used in the final reconstruction.
Eachbarhasaheightand colourindicative of the number of particles
(increasing fromblue tored) inadefined orientation. Bottom: particle angular
distribution heatmap generated using cryoSPARC (v2.14). ¢, Gold-standard
Fourier shell correlation (GSFSC) curves for the final refinementin

cryoSPARC (v2.14). Non-uniformrefinement led to a3.28 Aresolution map.

d, Quantification of directional resolution anisotropy using a 3D Fourier shell

correlation (3DFSC) algorithmin the 3DFSC server®. e, Fourier shell
correlation (FSC) curves between model-calculated density and the final cryo-
EM density map generated using PHENIX. Resolutionat FSC 0.5isindicated.
f,Representative regions of the cryo-EM density map for the nucleosome
components (histones and DNA) of the complex. g, Representative regions
of the cryo-EM density map for the BRCA1®, BARD1? and UbcH5c interfaces.
The four-helix bundle of BRCA1*-BARDIRis highlighted on the left.

h, Representative regions of the cryo-EM density map for the interfaces
involving BRCA1? and BARD1® interactions with the nucleosome. The first and
second representations from the left highlight BRCA1R interaction with the
nucleosome acidic patch and BARDI® interaction with H2B, respectively.
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Extended DataFig. 4 | Effects of structure-based mutationsin BRCA1R,
BARDI® and nucleosomal histone proteins H2A and H2B on ubiquitin
conjugationtoH2A. a, Top: representative Coomassie-stained gel of time-
course ubiquitylationassays of the NCP using UbcH5c and BRCA1®-BARD1®,
wild type (WT) and with indicated mutations in BRCA1®. Bottom: quantification
ofthe NCP ubiquitylation fromn=3independent experiments. Bar graphs
showthemeanands.d. for each data point. Pvalues were calculated using a
two-sample, two-tailed Student ¢-test; 'P< 0.05, "P<0.01, "P<0.001, NS means
notsignificant. Exact Pvalues are provided in Supplementary Table 1. For gel
source data, see Supplementary Fig. 4. b, Left: representative Coomassie-
stained gels of time-course ubiquitylation assays of WT and indicated H2A
mutant NCPs by WT BRCA1*-BARD1*and UbcH5c. Right: quantification of the
NCP ubiquitylation from n=3independent experiments. Bar graphs show the
meanands.d. foreach data point. Pvalues were calculated using atwo-sample,
two-tailed Student -test; P<0.05, "P<0.01, "P<0.001, NS means not
significant. Exact Pvaluesare provided in Supplementary Table 1. For gel
source data, see Supplementary Fig. 4. c, Similar tobbut using WT and
indicated H2B mutationsinthe NCP. Exact Pvalues are provided in

Supplementary Table 1. For gel source data, see Supplementary Fig. 4.d, Top:
representative Coomassie-stained gel of time-course ubiquitylation assays of
the NCP using UbcH5c and BRCA1®-BARDI®, with the indicated mutationsin
BARDI®. The ubiquitylation assay carried out with WT BRCAI®-BARD1® is shown
ina.Bottom: quantification of the NCP ubiquitylation fromn=3independent
experiments. Bar graphs show the meanands.d. for each data point. Pvalues
were calculated using atwo-sample, two-tailed Student t-test; 'P< 0.05,
“P<0.01, "P<0.001, NS means notsignificant. Exact Pvalues are provided in
Supplementary Table 1. For gel source data, see Supplementary Fig. 4.

e, Overlays of 'TH-*NHSQC NMR spectra of WT BRCAI?-BARDI® versus BRCA1®-
BARDI1® harbouring the BARD1? PS9A or W91A mutation. BRCA1® and BARDI®
signals for which there was achange in chemical shift arelabelled with BC and
BD prefixes, respectively. The spectra demonstrate that the mutant proteins
arewell folded. The changesin chemical shifts for the W91A mutant map to
residues closeinspace to the mutationsiteand canbeattributed to altered ring
current effect. These affected residues are coloured red and cyan on the NMR
structure of BRCAI1®-BARDI®. The multiple side-chain conformations of W91 in
theNMRensemble are displayed.
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Extended DataFig. 5|Structural and functional comparison of BRCA1®-
BARDI®-UbcH5c and RING1B®-BMI1®-UbcH5cin association with the
nucleosome and dynamics of the BRCA1®-UbcH5c interaction. a, Top:
fluorescence polarization nucleosome-binding curves showing that BRCA1®-
BARDI1® and BRCAI®-BARD1®-UbcHS5c bind to the NCP with similar affinities,
lower than the affinity of RING1B®-BMI1* for the NCP. Data are mean and s.d. for
eachdatapoint (n=3independent experiments). K, values are indicated.
Bottom: control binding curves for the RING1B*-BMI1*-NCP interaction at two
salt concentrations. While our experiments were done with 50 mM NacCl,
previously published experiments probing the RING1B®-BMI1*-NCP interaction
were done with100 mM NaCl. The higher RING1B*-BMI1*-NCP K, that we
obtained at 100 mM NaCl s similar to published data**. b, Surface
representations of the 3D structures of BRCA1®-BARDI®-UbcH5¢c-NCP and
RING1B*-BMI1*-UbcH5¢c-NCP shown side-by-side with identical orientations of
the NCP to highlight the radically different positioning of UbcH5c relative to
the NCPinthe two complexes. ¢, Left: representative Coomassie-stained gels
of ubiquitylation assays of the NCP by UbcH5c and BRCA1®-BARD1® or RING1B®-
BMII® using wild-type (WT) proteins and the indicated UbcH5c and BRCAI®

mutants. Right: quantification of the NCP ubiquitylationfromn=3
independent experiments. Bar graphs show the meanand s.d. foreach data
point. Pvalues were calculated using atwo-sample, two-tailed Student ¢-test;
'P<0.05,"P<0.01, "P<0.001,NS means not significant. Exact Pvalues are
providedinSupplementary Table 1. For gel source data, see Supplementary
Fig.5.d, Top: overlay of the 'H-*NNMR HSQC spectra of BRCA1®-BARDI®-
UbcH5c (red), BRCAI?-BARDIR (cyan) and UbcHS5c (gold) highlighting 12
residues (black labels) near the BRCAIR-UbcHS5c interface for which NMR
signals disappear or become very weak due to exchange broadening upon
formation of the BRCAI®-BARDI®-UbcH5c¢ complex, consistent with motions on
the microsecond-to-millisecond timescale. The signals of seven other UbcH5c
residues (blue labels), distant from the interface with BRCA1®, are also
exchange broadened because of allosteric effects as previously noted for other
UbcH5cand related complexes®>”8. Bottom: surface representation of the
BRCAI®-BARDI®-UbcH5c complex. The regions for which NMR signals
disappear due to exchange broadening upon formation of the BRCA1*-BARDI*-
UbcHS5ccomplexare highlighted in yellow. The active site C85 of UbcH5c is
showninred.
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based particle picking in cryoSPARC (v2.15)
and1,399,200 particles retainedafter 2 rounds
of 2D classification.

8.2% 14.8% 45.3% 11.0%

14.9% 20.8% 21%

27.3%

—
W
G
&

22.3% 54.7%

12.1%

27.4% 20.4%

Consensus refinement
Non-uniform refinement
Local refinement

3.01 A (FSC 0.143)

Consensus refinement
Non-uniform refinement
Local refinement

173,398 particles
3.05 A (FSC 0.143)

R

7.0%

1,399,200 particles after 2D classification

764,879 particles

13.2% 8.0%

48.1%

e

13.3% 24.6%

Consensus refinement
Non-uniform refinement
CTF refinement

Local refinement

243,883 particles
2.94 A (FSC 0.143)

Extended DataFig. 6 | Flow chartshowing the stages of cryo-EMimage
processing for BARD1 (ARD-BRCT) in complex with the nucleosome
ubiquitylated at H2A K13 and K15. A total of 5,051 micrographs was collected
onaTitanKrios 300 kV microscope and subjected to beam-induced motion

correction. Data processing was done using cryoSPARC (v2.15). The
reconstruction with the highest resolution was selected for building an atomic
model.



Article

c GSFSC resolution: 2.94 A

-
o

s —No Mask (3.4 A)

T 08 —Spherical (3.2 A)

[ —Loose (3.1AA)

S —Tight (2.9 A)

i 06 —Corrected (2.9 A)

Q

B 04f - A A

&

R B

g ot A X e —————
0.0

13 6.6 44 3.3 26 22
Resolution (A)

Sphericity =0.99 Global resolution = 2.96 A

b Il Histogram of directional FSCs (0.143 cutoff)
— Gilobal FSC
== +1 8.D. from mean of directional FSC &
O 10 @
@ 60 Q
90° L 5
v 2 50 08 3
E T
5 4 0.6 g
S a0 )
5] 04 o
g 20 3
g 10 0.2 8
o 3
G 0 100 2
o 0.1 0.2 0.3 9.4 L
e Spatial frequency (1/A) S
102 Z 1.0- Model vs. Mapun
S g S Model vs. Mapwork
2 g = 0.81 Model vs. Mapsree
> = ©
o o = o
w 100 2 8 06 3.16 A
A g s - — FSC=0.5
o c.g 5 041
- R " — =g ® 5
- -3n/4 -n/2 -n/4 0 /4 n/2 3n/4d x Wqqo 5 0.24
Azimuth L
0.04
00 01 02 03 04 05 06
Spatial frequency (1/A)
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Extended DataFig.8|Sample cryo-EM density of the BARD1 regions of the cryo-EM density map highlighting global interfaces.
(ARD-BRCT)-ubiquitylated nucleosome complex. a, Representativeregions ¢, Representativeregions of the cryo-EM density map highlighting details of
ofthe cryo-EM density map for the different components (histones, DNA, thevariousinterfacesin the complex.

BARDI-ARD, BARD1-BRCT and ubiquitin) of the complex. b, Representative
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tandem BRCT domain. The predicted phosphate-binding residues S575, G576,
L618 and K619 are highlighted inred. e, Left: MMS2-Ubc13-catalysed
polyubiquitin chain elongationat H2AK13ubK15ub in the NCP was inhibited by
addingincreasingamounts of GST-tagged BARD1 (ARD-BRCT), up to 16 times
molar excess. Ubiquitylation efficiency was calculated as aratio of the total
intensities of the ubiquitylated products in that particular western blot (WB)
lane against the lane with uninhibited MMS2-Ubc13 activity. Dataare mean and
s.d.foreach datapointfromn=3independent experiments. Pvalues were
calculated using atwo-sample, two-tailed Student t-test; P<0.05, "P<0.01,
""P<0.001, NS means not significant. Exact Pvalues are provided in
Supplementary Table 1. Right: representative WB images depicting inhibition
ofthe MMS2-Ubcl3-catalysed polyubiquitin chain elongation at
H2AK13ubK15ubin the NCP by GST-tagged BARD1 (ARD-BRCT) but not by GST.
The non-ubiquitylated NCP, used as a control substrate, shows chain
elongation of free ubiquitin only by MMS2-Ubc13, uninhibited by BARD1
(ARD-BRCT). Alllanes with ATP show formation of di-ubiquitin with additional
chainextension by MMS2-Ubc13, demonstrating that BARD1or GST do not
inhibit MMS2-Ubc13. For gel source data, see Supplementary Fig. 6.
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Extended DataFig.10 | BARD1 missense variants that map near the interdomainandintermolecularinterfaces areshownwitha different colour
interdomain and intermolecularinterfacesin the 3D structure of BARD1 foreachinterface. Theaminoacids are labelled when they are directly involved
(ARD-BRCT) in complex with the ubiquitylated nucleosome. The side ininterdomain orintermolecularinteractionsinthe BARD1
chains of BARD1 (ARD-BRCT) residues for which missense variants were (ARD-BRCT)-ubiquitylated NCP structure. The variants were obtained from the

identified in patients with cancer are highlighted on the 3D structure of BARD1  ClinVar database maintained at the US National Institutes of Health”.
(ARD-BRCT)-ubiquitylated NCP. Only variants that are located near the
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

NCP BRCA1R-BARDI1R- BARDI (ARD-
(EMDB-23590) UbcH5¢-NCP BRCT)-
(PDB 7LYA) (EMDB-23591) NCPHZAKI}ubKlSub
(PDB 7LYB) (EMDB-23592)
(PDB 7LYC)
Data collection and processing
Magnification 22,500 22,500 22,500
Voltage (kV) 300 300 300
Electron exposure (e—/A?) 50 50 50
Defocus range (um) -0.5t0-3.5 -0.5t0-3.5 -0.5t0-3.5
Pixel size (A) 1.031 1.031 1.028
Symmetry imposed C2 Cl Cl
Initial particle images (no.) 6,380,972 6,380,972 6,518,285
Final particle images (no.) 414,315 74,575 243,883
Map resolution (A) 291 3.28 2.94
FSC threshold 0.143 0.143 0.143
Refinement
Initial model used (PDB code) NCP (X-ray) NCP (X-ray), 1JIM7, NCP (X-ray),
SEGG 2NTE, 3C5R,
1UBQ
Model resolution (A) 3.20 3.43 3.16
FSC threshold 0.5 0.5 0.5
Map sharpening B factor (A?) -64 -78 -98
Model composition
Non-hydrogen atoms 12,098 14,711 15,475
Protein residues 767 1,098 1,188
DNA 293 293 293
Ligands 0 4 0
B factors (A?)
Protein 40.90 67.08 27.61
DNA 15.86 25.26 13.36
Ligand - 147.15 -
R.m.s. deviations
Bond lengths (A) 0.007 0.006 0.006
Bond angles (°) 0.64 0.75 0.62
Validation
MolProbity score 1.44 1.80 1.43
Clashscore 3.53 8.88 6.92
Poor rotamers (%) 0.00 0.00 0.00
Ramachandran plot
Favored (%) 95.76 95.34 97.77
Allowed (%) 4.24 4.66 2.23
Disallowed (%) 0 0 0




nature research

Georges Mer

Last updated by author(s): Jun 3, 2021

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a | Confirmed
|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

O O]

lXI The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Cryo-EM: SerialEM; NMR Spectroscopy: Bruker TopSpin 3.6.2; Gel Imaging: Image Lab software 6.0.1 and AlphaEaserFC software 3.1.2.

Data analysis Cryo-EM: MotionCor2, RELION 3.0, RELION 3.1, CryoSPARC v2.14, CryoSPARC v2.15; Model Building: COOT v0.8.9.2, PHENIX v1.18.2-3874;
Structure Visualization: PyMol v2.3.2, Chimera v1.13.1, ChimeraX v0.91; Structure Validation: Molprobity 4.5.1 server, wwPDB validation
server, 3DFSC server; Molecular Dynamics Simulations: GROMACS. NMR spectroscopy: NMRPipe, NMRDraw, Sparky 3.115, NMRFAM-Sparky
1.414; Gel Quantification: ImageJ v1.53e; Kd and P value Calculation: OriginPro 9.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The atomic coordinates and electron microscopy maps have been deposited in the Protein Data Bank under accession codes 7LYA (NCP), 7LYB (BRCA1R-BARD1R-
UbcH5¢-NCP) and 7LYC (BARD1(ARD-BRCT)-NCPH2AK13ubK15ub), and in the Electron Microscopy Data Bank under corresponding accession codes EMD-23590,

EMD-23591 and EMD-23592. Raw gels and blots are provided in Supplementary Figs. 1-6. Reagents from this study are available from the corresponding author
upon request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The numbers of particles used for cryo-EM reconstructions are indicated in Extended Data Table 1. Sample sizes were determined on the basis
of published methods and protocols of analysis.
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Data exclusions  No data were excluded from the ubiquitylation assays or binding studies.

Replication Structure determination does not require replication, but for each of the reported 3D structures we recorded multiple cryo-EM datasets.
Three independent experiments were performed for the quantifications of the ubiquitylation reactions and inhibition of ubiquitylation. All
attempts at replication were successful.

Randomization No grouped samples. Randomization was not relevant to this study.

Blinding No grouped samples.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|Z| Antibodies |Z| |:| ChlP-seq
[ ] Eukaryotic cell lines X[ ] Flow cytometry
|:| Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

[] Animals and other organisms
|:| Human research participants

[ ] clinical data

XXXNXNXX[]S

[ ] Dual use research of concern

Antibodies
Antibodies used The following antibodies were used: histone H2B rabbit monoclonal (Cell Signaling Technology, #8135), histone H2A rabbit polyclonal
(MilliporeSigma, #07-146), ubiquitin mouse monoclonal (Cell Signaling Technology, #3936), phospho-histone H2AX (Ser139) mouse
monoclonal (Cell Signaling Technology, #80312), anti-rabbit IgG HRP-linked (Bio-Rad, #172-1019), anti-mouse IgG HRP-linked (Cell
Signaling Technology, #7076).
Validation Cell Signaling validates all their antibodies in-house, in multiple research applications. This statement can be found at their website at

https://www.cellsignal.com/about-us/cst-antibody-performance-guarantee

MilliporeSigma states in their Certificate of Analysis (CoA) that antibodies are routinely evaluated by western blot on acid extracts
from Hela cell lysate. A western blot image is included in the CoA. The link to the CoA is https://www.emdmillipore.com/US/en/
product/Anti-Histone-H2A-acidic-patch-Antibody, MM_NF-07-146#

Bio-Rad issues a Certificate of Analysis (CoA) indicating that the antibody has passed binding activity test.
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