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STRUCTURAL BIOLOGY

BRCA2-HSF2BP oligomeric ring disassembly by BRME1
promotes homologous recombination

Rania Ghouil't, Simona Miron't, Koichi Sato?, Dejan Ristic3, Sari E. van Rossum-Fikkert?,
Pierre Legrand4, Malika Ouldali’, Jean-Marie Winter>, Virginie Ropars1, Gabriel David?,
Ana-Andreea Arteni’, Claire Wyman3'6, Puck Knipscheer2’7, Roland Kanaar®*, Alex N. Zelensky3*,

Sophie Zinn-Justin'*

In meiotic homologous recombination (HR), BRCA2 facilitates loading of the recombinases RAD51 and DMC1 at
the sites of double-strand breaks (DSBs). The HSF2BP-BRME1 complex interacts with BRCA2. Its absence causes a

Check for

updates

Copyright © 2023 e
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

severe reduction in recombinase loading at meiotic DSB. We previously showed that, in somatic cancer cells ec-
topically producing HSF2BP, DNA damage can trigger HSF2BP-dependent degradation of BRCA2, which prevents
HR. Here, we report that, upon binding to BRCA2, HSF2BP forms octameric rings that are able to interlock into a
large ring-shaped 24-mer. Addition of BRME1 leads to dissociation of both of these ring structures and cancels the
disruptive effect of HSF2BP on cancer cell resistance to DNA damage. It also prevents BRCA2 degradation during
interstrand DNA crosslink repair in Xenopus egg extracts. We propose that, during meiosis, the control of HSF2BP-
BRCA2 oligomerization by BRME1 ensures timely assembly of the ring complex that concentrates BRCA2 and con-

trols its turnover, thus promoting HR.

INTRODUCTION

In vertebrates, both somatic and meiotic homologous recombina-
tion (HR) require the BRCA?2 protein (1, 2). Its orthologs in fungi
(3), plants (4), and invertebrates (5-8) are also essential for meiotic
HR, so this role is likely ancestral. Most mechanistic data on BRCA2,
however, come from studies in somatic cells due to the strong asso-
ciation of BRCA2 with breast, ovarian, pancreatic, and a number of
other types of cancer (9). These studies showed that BRCA2 interacts
with and controls RAD51, a recombinase that performs the central
HR reactions: homology recognition and strand exchange. Meiotic
studies are hindered by the embryonic lethality of the Brca2 knock-
out in mice. A hypomorphic rescue transgene in a Brca2 knockout
mouse strain confirmed the critical role of BRCA2 in mouse meiotic
HR (10). It was also demonstrated that BRCA2 interacts with the
meiotic recombinase DMCI1 (11-14), a paralog of RAD51. This sug-
gested that BRCA2 may contribute to the correct balance in RAD51
and DMC1 loading that is essential in meiotic HR.

New tools to study the role of BRCA2 in meiosis were recently
provided by the discovery that, in mouse meiocytes and embryonic
stem cells, BRCA2 functions in complex with two previously un-
characterized germline proteins, HSF2BP (also called MEILB2) and
BRME] (15-18). The reported phenotypes of three independent
Hsf2bp (17-19) and five independent Brmel knockout mouse mod-
els (16-22) are nearly identical. Loss of these proteins does not lead
to embryonic lethality but causes complete spermatogenesis failure
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due to severe reduction in RAD51 and DMC1 accumulation at mei-
otic DNA double-strand breaks (DSBs), which prevents crossover
formation (17, 18). Loss of BRMEI1 decreases the number of HS-
F2BP foci. As HSF2BP directly binds to both BRCA2 and BRME1
(Fig. 1A), it has been proposed that loss of HSF2BP or BRME1 com-
promises BRCA2 meiotic function, although the mechanism may
be different (23) from the suggested “meiotic localizer of BRCA2”
model (18).

Paradoxically, when HSF2BP is produced ectopically in somatic
cancer cells, it suppresses HR instead of supporting it as it does in mei-
ocytes (15, 24). We demonstrated genetically and biochemically that
this is due to HSF2BP interaction with BRCA2: In cancer cells, forma-
tion of a complex between HSF2BP and BRCA2 impedes BRCA2
function during the repair of lesions induced by DNA interstrand
crosslinking agents and poly(adenosine 5’-diphosphate-ribose) poly-
merase (PARP) inhibitors (but not by ionizing radiation or the I-Scel
nuclease) (15, 24). Evolutionary conservation of the interaction be-
tween BRCA2 and HSF2BP allowed us to establish, using Xenopus egg
extract interstrand crosslink repair assays, that the presence of HSF2BP
leads to DNA crosslink-dependent proteasomal degradation of BRCA2
mediated by the p97 segregase (24), which disassembles ubiquitinated
protein aggregates (25, 26).

To study the molecular events triggered by the interaction between
BRCA?2 and HSF2BP, we previously solved the crystal structure of a
51-amino acid BRCA2 peptide (BRCA2-HBD) in complex with the
C-terminal armadillo domain of HSF2BP (Fig. 1A). We identified a
cryptic motif repeated twice in BRCA2-HBD and encoded by exons 12
and 13, respectively. Each motif binds to one armadillo domain (23,
27). In the complex, two BRCA2-HBD peptides “staple together” two
armadillo dimers, resulting in a high-affinity interaction [Ky (dissocia-
tion constant) ~ 1 nM]. In addition to the crystallized armadillo do-
main, HSF2BP contains N-terminal helices a1 and o2 (Fig. 1A) that
assemble into oligomers in vitro. Helix al homotetramerizes when
free in solution and heterotetramerizes when bound to the C-terminal
a-helical region of BRMEL1 (16, 19, 21). The presence of these three
HSF2BP oligomerization mechanisms—dimerization via armadillo
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Fig. 1. HSF2BP is a tetramer formed by two dimers interacting through the N-terminal helix 1. (A) BRCA2, HSF2BP, and BRME1 domains and interactions. Folded
domains of known three-dimensional (3D) structure are marked with stripes. Cocrystallized regions of BRCA2 (HBD) and HSF2BP (armadillo) are colored in blue and green,
respectively; their 3D structure cartoon is shown in two different orientations [Protein Data Bank (PDB) code: 7BDX]. Regions of HSF2BP and BRME1 that interact (76) are
colored in red. (B) SEC-MALS analysis of full-length HSF2BP [monomer weight-average molecular weight (M,) 37.6 kDa; column: Superdex 200 10/300 GL] and HSF2BP
deleted from helix a1 (monomer M,, 32.2 kDa; column: BIOSEC 3). See fig. S1A for replicates. (C) SEC-SAXS curve and resulting distance distribution, obtained on full-length
HSF2BP. The SAXS curve is plotted as a function of the scattering angle [experimental curve in black dots; P(r) Fourier Transform in green). The distance distribution P(r) is
plotted as a function of the distance. The deduced HSF2BP mass is 156 + 21 kDa. Calculation of an ab initio model [average model in green spheres; more models in fig. S1

(B and C)] from the SAXS data suggests that HSF2BP has a V shape.

and o2, tetramerization via 1, and hetero-oligomerization via BRCA2-
HBD binding—led us to propose that HSF2BP is a polymerization agent
for BRCA2, which could be behind its physiological function in meiotic
HR and mediate its pathological effect in somatic HR (23). However,
because the N-terminal helices of HSF2BP were missing from previous
structural analyses, their effect on the HSF2BP-BRCA2 structure and
function was uncharacterized (23, 27). It was also not known how the
interaction between HSF2BP helix 1 and BRMEL affects the oligomer-
ic state of the BRCA2-HSF2BP complex and BRCA2 function in cells.

In this work, we obtained a cryo-electron microscopy (cryo-EM)
derived model of the complex between full-length HSF2BP and
BRCA2-HBD and determined how BRMEI affects the structure of
this complex. We revealed that, upon binding to BRCA2, HSF2BP
forms an octameric ring and that three of these rings can assemble
into alarge (@ ~ 200 A) topologically interlocked 24-mer, with BRCA2
displayed on the outer surface of the complex. We also demonstrated
that BRME1 disrupts these ring structures and acts as a protective
disaggregation agent in specific cellular conditions. From our struc-
tural and cell biology data, we propose a model explaining the op-
posite effects of HSF2BP on somatic and meiotic HR.

RESULTS

HSF2BP is mainly a V-shaped tetramer in solution

To understand how the N-terminal a-helical region of HSF2BP con-
tributes to the assembly of the HSF2BP-BRCA2 complex, we first
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characterized full-length HSF2BP (37.6 kDa) and HSF2BP lacking
helix al (G48-V334; 32.2 kDa) by size exclusion chromatography
coupled to multi-angle light scattering (SEC-MALS). At the concen-
tration of the experiment (~10 to 30 pM), the apparent molar mass-
es of the two samples are 136 + 7 kDa (n = 2) and 60 + 2 kDa (n =
2), respectively (Fig. 1B and fig. S1A). This fits with tetrameric and
dimeric states for HSF2BP with and without helix a1, respectively.
Further characterization of HSF2BP by SEC coupled to small-angle
x-ray scattering (SEC-SAXS) showed that, in the conditions of this
experiment (protein concentration ~ 50 to 60 pM), the protein has a
molar mass of 156 + 21 kDa (Fig. 1C and table S1). Thus, we con-
firmed that full-length HSF2BP is mainly tetrameric at concentra-
tions above 10 pM. The SAXS-derived atomic distance distribution
curve of HSF2BP is bimodal, with a maximal distance at 250 A
(Fig. 1C). Consistently, ab initio molecular envelopes calculated
from this curve using a twofold symmetry hypothesis have a V
shape (Fig. 1C and fig. S1, B and C).

HSF2BP and BRCA2 form a ring-shaped complex with BRCA2
on its outer surface

Having characterized the solution structure of free full-length HS-
F2BP, we measured the change in its oligomeric state induced by
BRCA2. We observed that tetrameric HSF2BP mainly forms an 880 +
30 kDa (n = 2) complex when bound to BRCA2-HBD (N2291-
Q2342), as measured by SEC-MALS (Fig. 2A and fig. S1A). Its thermal
stability also increases substantially, shifting from 45.9° to 46.7°C to
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Fig. 2. HSF2BP oligomerizes into a ring-shaped complex upon binding to BRCA2-HBD. (A) SEC-MALS analysis of HSF2BP bound to BRCA2-HBD (column: Superdex
200 10/300 GL) and HSF2BP deleted from helix a1 bound to BRCA2-HBD (column: BIOSEC 3). See fig. S1A for replicates. (B) Thermal stability of HSF2BP, either free or bound
to BRCA2-HBD. The denaturation temperature of HSF2BP shifted from 45.9° to 46.7°C to 59° to 60.7°C upon binding to BRCA2-HBD. (C) Negative-staining EM image ob-
tained on a sample of HSF2BP bound to BRCA2-HBD. (D) Cryo-EM map of HSF2BP bound to BRCA2-HBD. Top and side views are displayed with an electron density thresh-
old of 0.05.The map shows a D3 symmetry. It is colored as a function of the local resolution: from green (3 A)tored (5 A). (E) Docking of the crystal structure of the complex
between HSF2BP armadillo domain and BRCA2-HBD (PDB: 7BDX) into the cryo-EM map. In the top view, a crystal structure is positioned in each of the six globular subvol-
umes of the map, whereas in the side view, only one crystal structure is displayed. Each crystal structure contains four armadillo domains (in light green, yellow, green, and
maroon) bound to two BRCA2-HBD peptides (in blue). In the boxed side view, the map is colored as the docked chains of the crystal structure. (F) Zoom view on one of
the BRCA2 peptides docked into the cryo-EM map. The position of this peptide, represented in blue sticks, readily fits into the cryo-EM density map of the complex be-
tween HSF2BP and BRCA2-HBD. The map is colored as the docked chains of the crystal structure. (G) Orientations of the N and C termini of the 12 BRCA2 peptides in the
complex. All the BRCA2 extremities are located on the outer surface of the ring shape.

59° to 60.7°C (Fig. 2B). Negative-staining EM revealed a ring-
shaped complex with an outer diameter of about 200 A (Fig. 2C) and
a threefold symmetry (fig. S2A). Further characterization by cryo-
EM (fig. S2, B and C) of this complex revealed a D3 symmetry, de-
fined as a threefold symmetry around the axis going through the
center of the ring, as well as three twofold symmetries around per-
pendicular axes going through the center of the globular subvol-
umes (Fig. 2D). The most resolved cryo-EM map was calculated
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from 398,000 particles and refined using this symmetry. Resulting
local resolutions yield 3 to 4.5 A and 3.5 to 5 A in the three inner and
outer globular subvolumes, respectively. The tubular-shaped vol-
umes extending out of the globular subvolumes (two tubes on both
sides of each subvolume) are less resolved (4 to 8 A). Further three-
dimensional (3D) classification of the cryo-EM particles resulted in
the calculation of two cryo-EM maps. Comparison of these maps
revealed that the diameter of the ring is slightly variable, with the
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larger ring being generally better resolved than the tighter ring, ex-
cept for the inner globular subvolumes that are better resolved in the
tighter ring (fig. S2D). The ring flexibility might explain the hetero-
geneous resolution of the calculated cryo-EM maps. We fitted the
published crystal structure of the C-terminal armadillo domain of
HSF2BP in complex with BRCA2-HBD (23, 27) into each of the six
globular subvolumes of the large ring (Fig. 2E). The shape of the
structure as shown in Fig. 1A (3D view on the left) matches the sub-
volumes as shown in Fig. 2E. Not only the o helices of the armadillo
domains but also the BRCA2-HBD peptides can be traced through
the cryo-EM map (Fig. 2F and fig. S2C); several side chains can even
be identified. The BRCA2 peptides are located on the outer side of
the map, their N- and C termini being positioned around the ring-
shaped complex (Fig. 2G).

The large HSF2BP-BRCA2 complex is assembled from three
interlocked BRCA2-bound HSF2BP

diamond-shaped octamers

We further analyzed our cryo-EM map of the complex between
HSF2BP and BRCA2-HBD to describe the 3D structure of HS-
F2BP N-terminal a-helical region in this complex. First, we mod-
eled a dimer of HSF2BP using AlphaFold (28). This prediction
algorithm proposed five similar models for dimeric HSF2BP with

Helices a1

Helices a2

Armadillo

/ domains

high confidence (fig. S3A). In these models, each HSF2BP mono-
mer is composed of strand f1 (F20-R24), helix al (K25-145), and
helix a2 (G48-S136) that overlaps with the armadillo domain
(E122-V334). As a validation, we checked that the 3D model of the
dimeric armadillo domain is superimposable with the 3D struc-
ture observed in the crystal [Protein Data Bank (PDB) code: 7BDX
(23) and fig. S3B]. We then docked two dimeric HSF2BP models
into the cryo-EM map of the complex between full-length HS-
F2BP and BRCA2-HBD (Fig. 3A). Helices a2 readily fitted into the
electron density tubes extending out of the globular subvolumes cor-
responding to the armadillo domains bound to BRCA2-HBD. Helices
al, on the other hand, fell into a poorly resolved zone connecting
electron densities of two HSF2BP dimers (Fig. 3, A and B). In the
resulting model of the complex, four of these helices interact to con-
nect two HSF2BP dimers, so that the HSF2P tetramer exhibits a V-
shape structure. Two tetramers interact through the BRCA2-HBD
peptides to form an octamer. Three interlocked octamers (displayed
in red, blue, and green in Fig. 3A, inset) form the final ring-shaped
24-mer protein assembly. The N-terminal region of HSF2BP contrib-
utes to the assembly of this large complex through interactions be-
tween helices al within each tetramer and contacts between helices
a2 and armadillo domains from different octamers (Fig. 3B).
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Fig. 3. The ring-shaped complex is assembled through a large set of interfaces, involving not only armadillo-BRCA2 but also a1-a1, «2-a2, and a2-armadillo
contacts. (A) Docking of two (similar) AlphaFold models of the HSF2BP dimer into the cryo-EM map. The map is displayed with an electron density threshold of 0.035.The
cartoon views of the two AlphaFold models are colored in red. Each model consists of a disordered region, a short helix a1, a large helix a2, and an armadillo domain. In
the boxed panel, three pairs of HSF2BP tetramers docked into the cryo-EM map are displayed in three different colors. (B) Cryo-EM map displayed with a lower electron
density threshold (0.025) and colored as a function of the local resolution. The colors are from green (3 A) to red (6 A). A dashed oval identifies a map region corresponding
to the four helices a1, whereas arrows indicate regions of a2-a2 and «2-armadillo contacts. In the inset, four helices a2 are docked as in (A) (in red), whereas four parallel
helices a1 (in gray and brown) are manually positioned into the cryo-EM density displayed with an electron density threshold (0.010). (C) Position of the a2 residues mu-
tated to test their role in the assembly and/or function of the ring-shaped complex. An AlphaFold model of HSF2BP dimer (in red) is docked into the cryo-EM map. Resi-
dues at the a2-a2 and a2-armadillo interfaces are marked with standard and bold labels, respectively. (D) SEC-MALS analysis of the mutant HSF2BP H80A-R84A bound to
BRCA2-HBD (column: BIOSEC 3; see also fig. S4).
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HSF2BP helices a1 and a2 form the interfaces between the
HSF2BP dimers

To further understand how the N-terminal region of HSF2BP con-
tributes to the assembly of this large complex, we modeled the ol
tetramer using AlphaFold (fig. S3C). The best scored model is com-
posed of two antiparallel al dimers that cannot be fitted in the den-
sity map. However, several parallel tetramers were also proposed by
AlphaFold (models 3 to 5). They are similar to each other and closer
to what can be obtained by fitting four a1 helices into the cryo-EM
density map (fig. S3D). The low resolution of this part of the map is
probably due to the variable position of the al tetramer relatively to
the ring; it prevents a more detailed description of the 3D structure
of this tetramer.

We also analyzed how HSF2BP-BRCA2 octamers assemble into
the large ring-shaped complex. In our cryo-EM structure, octamers
form diamond-shaped rings that interlock to form a 24-mer com-
plex (Fig. 3A, inset). This suggests that a network of contacts be-
tween octamers favors the formation and high thermal stability of
the 24-mer complex and that a dynamic mechanism exists for oc-
tamer opening allowing interlocking. Two types of contacts are ob-
served between octamers, involving either coiled coils of helices a2
from both octamers or one of these coiled coils and an armadillo
domain (indicated by arrows in Fig. 3, B and C). In each octamer,
two o2 coiled coils interact with a second octamer (specifically,
with its helices a2 and armadillo domains), whereas the two other
o2 coiled coils interact with the third octamer (also with its helices a2
and armadillo domains). We engineered mutations in HSF2BP helix
a2 to specifically disrupt these contacts. We mutated a set of selected
residues into alanine (Fig. 3C) and measured the oligomeric state of
the resulting free and BRCA2-bound HSF2BP variants by SEC-
MALS (Fig. 3D and fig. S4). The H80A-R84A variant only assembled
into octamers upon binding to BRCA2-HBD; it does not form 24-
mers (Fig. 3D). Thus, not only the al-al interaction but also the o2-
armadillo interaction contribute to the formation of the large
HSF2BP-BRCA2 oligomer.

HSF2BP helix a1 forms a heterotetramer with an a-helical
peptide from the C-terminal region of BRME1
Mouse HSF2BP binds directly to the meiotic protein BRME1 (16).
The N-terminal helix a1 of HSF2BP interacts with the C-terminal re-
gion of BRMEI (16, 20). To further delineate the binding fragment in
human BRMEI, we divided its C-terminal region (D578-L668) into
three peptides: BRME1-M, corresponding to the central and well-
conserved fragment, and BRME1-N and BRME1-C, corresponding to
the less conserved flanking regions (Fig. 4A). Isothermal titration
calorimetry (ITC) experiments revealed that only BRME1-M detect-
ably bound to HSF2BP and that its affinity was similar when measured
against full-length HSF2BP (18 + 3 nM) or HSF2BP helix al (25 +
5 nM) (Fig. 4B, fig. S5A, and Table 1). Thus, the C-terminal region
BRMEI1-M (E602-K641) directly interacts with the HSF2BP N-
terminal helix a1. This interaction is not expected to affect the binding
of BRCA2 to the HSF2BP C-terminal armadillo domain (23). Consis-
tently, we found by ITC that BRME1-M is able to interact with
HSF2BP bound to BRCA2-HBD (affinity: 34 + 8 nM) and that
BRCA2-HBD is able to interact with HSF2BP bound to BRME1-M
(affinity: 13 + 2 nM) (Fig. 4C). We concluded that HSF2BP simultane-
ously interacts with BRCA2-HBD and BRMEI-M.

To elucidate how HSF2BP helix al interacts with BRME1-M, we
crystallized HSF2BP helix al both alone and bound to BRME1-M. We

Ghouil etal., Sci. Adv. 9, eadi7352 (2023) 27 October 2023

solved the crystal structure of the human HSF2BP fragment from E19
to G48. Each monomer consists of a f strand (residues F20-R24) and
an o-helix (residues K25-1L46) (fig. S5B). The crystal asymmetric unit
contains two peptides interacting through antiparallel p strands and
parallel o helices that assemble into a tetramer by application of a two-
fold crystallography symmetry (table S2). This tetrameric structure is
similar to the best model proposed by AlphaFold (fig. S3D). However,
we have no experimental evidence supporting the presence of such an
antiparallel conformation in the free full-length HSF2BP tetramer, and
we reported that this conformation is not consistent with the cryo-EM
map of HSF2BP bound to BRCA2-HBD. We also solved the crystal
structure of helix al bound to BRME1-M. Each BRME1-M monomer
contains a large o helix (residues T605 to R638) (Fig. 4D). The asym-
metric unit contains a HSF2BP helix a1 and a BRME1-M peptide that
forms a parallel heterodimer. Two of these dimers assemble into a par-
allel tetramer by application of a twofold crystallographic symmetry
(table S2). The P strands from the two HSF2BP peptides form an anti-
parallel f sheet. Together, our x-ray crystallography analyses provided
an antiparallel structure for the al tetramer and a parallel arrangement
for the helices of the al-BRME1 heterotetramer. Our cryo-EM data
and AlphaFold modeling suggested that homotetramerization of a1 in
a parallel configuration is responsible for the formation of the ring. On
the basis of the x-ray structure of «l bound to BRME1-M, we further
hypothesized that BRME1-M a helix competes with HSF2BP helix al,
thus disassembling ol tetramers. To experimentally validate this hy-
pothesis, we performed mass photometry analyses on HSF2BP in the
absence and presence of BRME1-M. We observed that, indeed, the
HSF2BP tetramer is dissociated into dimers after addition of BRME1-
M (Fig. 4E).

BRME1 binding to HSF2BP dissociates HSF2BP-BRCA2

ring complexes

We then proceeded to determine the effect of BRME1 on the struc-
ture of the HSF2BP-BRCA2 complex. We observed using negative-
staining EM that addition of BRME1-M to a 2:1 mix of HSF2BP and
BRCA2-HBD resulted in a near-complete disappearance of the large
ring-shape complexes (Fig. 5A). To replicate this marked effect un-
der different experimental conditions and to quantify it, we per-
formed single-molecule analysis using scanning force microscopy
(SFM; Fig. 5, B to D). HSF2BP alone appeared on SFM scans as
spherical objects with a volume distribution centered around 95 and
190 nm®. We surmised that under the low protein concentrations
used for single-molecule SFM experiments, HSF2BP oligomer equi-
librium may be shifted toward dimers and interpreted the two pop-
ulations of objects as a mix of dimers and tetramers (Fig. 5, B and C,
and fig. S6, A and B). This interpretation is consistent with the mass
photometry data recorded on HSF2BP at different concentrations,
which revealed that, whereas at 50 nM HSF2BP is a tetramer
(Fig. 4E), at 25 nM, it is a mix of dimers and tetramers (fig. S6C). We
also observed by SFM that the armadillo domain alone appeared as
smaller spherical objects with a volume distribution centered on 35
and 90 nm”, which we assigned to monomers and dimers, respec-
tively (Fig. 5D). By contrast, the volume distribution of the com-
plexes formed by HSF2BP and BRCA2-HBD revealed much larger
objects, with peaks at ~550 and ~2000 nm”’ (Fig. 5, B and C, and
fig. S6, A and B). Taking the 95 nm® volume of HSF2BP dimers as
the smallest unit and correcting for the increase in measured vol-
ume due to the ringed shape and scanning precision, we assigned
the minor subpopulation of the largest objects (~2000 nm®) to the
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Fig. 4. A BRME1 peptide binds to helix a1 and disrupts the HSF2BP tetramer. (A) Sequence alignment of the C-terminal region of a set of five BRME1 proteins, showing a
representative sequence diversity. The sequences corresponding to the three human peptides BRME1-N, BRME1-M, and BRME1-C are boxed. (B) ITC curves identifying the
BRME1 sequence binding to HSF2BP. These experiments were all performed at 30°C. Additional experiments performed at 20°C are detailed in fig. S5A and Table 1. (C) ITC curve
showing that BRME1-M and BRCA2-HBD do not compete for binding to HSF2BP. These experiments were performed at 20°C. (D) Crystal structure of the HSF2BP peptide E19-V50
(helix a1, in red) bound to the BRME1 peptide E602-K641 (BRME1-M, in green). Each asymmetric unit contained a HSF2BP-BRME1 dimer. The heterotetramer was calculated by
application of a twofold crystallography symmetry (table S2). (E) Mass photometry experiment performed on either free HSF2BP (top) or HSF2BP bound to BRME1-M (bottom).
The distribution of masses is displayed for samples at a concentration of 50 nM for HSF2BP and 100 nM for BRME1-M. HSF2BP analyzed at 25 nM is shown in fig. S6C.

24-mers. This was confirmed by SFM analysis of the sample of
HSF2BP-BRCA2-HBD that was purified by SEC and used in the EM
analyses (Fig. 5D). Addition of BRME1-M to the HSF2BP-BRCA2-
HBD sample used for the first SEM measurements resulted in a sub-
stantial reduction in apparent object size, which, when quantified,
corresponded to a complete disappearance of the 24-mer population
(Fig. 5, B and C, and fig. S6, A and B). Octameric species were still
observed, and the number of tetramer- and dimer-sized objects was
increased.

To support these SFM results, we performed additional mass
photometry analyses of both freshly prepared samples of BRCA2-
HBD bound HSF2BP and the sample used for cryo-EM studies. We
observed that, at the concentrations used, addition of BRCA2-
HBD to HSF2BP triggers the formation of octamers and, in smaller
amounts, 24-mers (Fig. 5E and fig. S6D). Further addition of
BRME1-M disassembles the 24-mer complexes, yielding to a mix
between octamers, tetramers, and dimers. Similarly, addition of
BRME1-M to the cryo-EM sample caused disassembly of the
ring-shaped complex and enrichment in double-octamers, octam-
ers, and tetramers (Fig. 5E). Together, our EM, SFM, and mass
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photometry results consistently demonstrated that BRME1 can act
as a dissociation factor for HSF2BP-BRCAZ2 oligomers.

Last, we characterized the complex among HSF2BP, BRCA2-
HBD, and BRME1-M using SEC-MALS. We first purified HSF2BP
bound to BRME1-M and verified using SEC-MALS that it is a dimer
(Figs. 5F and 6E). We then prepared a sample of the ternary complex
at the highest possible concentration (1 mg/ml; the solubility limit
of this complex in our conditions) in the presence of an excess of
BRCA2-HBD and BRME1-M peptides and performed a SEC-MALS
analysis on this sample. We observed that the ternary complex has a
molecular mass of 181 + 1 kDa (n = 2) (Fig. 5F and fig. S6E). The
theoretical mass of four HSF2BP bound to four BRME1-M and two
BRCA2-HBD being 182 kDa, we concluded that this complex con-
tains a tetrameric form of HSF2BP. Thus, the HSF2BP-BRCA2 com-
plex dissociates into a tetramer of BRCA2-bound HSF2BP in the
presence of BRMEL.

BRME1 protects cancer cells from BRCA2

inhibition by HSF2BP

In our previous work, we demonstrated that ectopic HSF2BP compro-
mises BRCA?2 function and causes BRCA2 proteasomal degradation.
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Table 1. Binding parameters deduced from the ITC analyses.

Kq (M) (+ error) n AH (kcal/mol) (+ error) AG (kcal/mol) —TAS (kcal/ T (K)
mol)

HSF2BP versus 1.1 %x107% (0.4x 107%) 0.77 -5.7 (0.07) -106 —-4.90 293
BRME1-M
HSF2BP versus 1.8%107% (0.3x107%) 0.88 -82 (0.06) -10.7 —2.50 303
BRME1-M
HSF2BP versus Undetectable 293
BRME1-N
HSF2BP versus Undetectable 303
BRME1-N
HSF2BP versus Undetectable 293
BRME1-C
HSF2BP versus Undetectable 303
BRME1-C
HSF2BP a1 25x107% (0.3x107%) 0.96 -7.6 (0.06) -105 —2.90 303
versus BRME1-M
HSF2BP a1 21%x107% (0.4 % 107%) 0.93 -1.2 (0.05) -10.2 —-9.00 293
versus BRME1-M
HSF2BP + 13%x107% (0.2% 107%) 0.37 -10.5 (0.13) -10.4 -0.10 293
BRME1-M versus
BRCA2-HBD
HSF2BP + 7.8%x107% (1.8x107%) 0.35 -10.9 (0.12) -126 -1.70 293
BRME1-M versus
B 0130302 e e e e
HSF2BP + 34x107% (0.8x 107%) 0.87 —44 (0.06) -10 —5.60 293
BRCA2-HBD
versus BRME1-M
HSF2BP + 20%x10°% (1.9x 107%) 0.8 —-5.8 (0.22) -10.2 —4.40 293
BRCA2-HBD

versus BRME1-M

This degradation involved the p97 segregase (24), an hexameric pro-
tein that unfolds and disassembles ubiquitylated substrates, to pull
proteins out of membranes, segregate proteins from partners for
downstream activity, or unfold proteins for proteasomal degradation
(29). Given the dissociative effect of BRME1 on HSF2BP-BRCA2 mul-
timers, we hypothesized that deaggregation by BRME1 will cancel the
effect of HSF2BP. To test this hypothesis, we stably produced in HeLa
cells HSF2BP alone and together with BRMEI1 (Fig. 6, A and B) and
measured their effect on resistance to DNA interstrand crosslinking
agents and PARP inhibitors (Fig. 6, C to E). BRMEI1 on its own had no
effect on the cell sensitivity to DNA damage, but it completely abol-
ished the sensitization induced by HSF2BP, consistent with our hy-
pothesis. The C-terminal HSF2BP-binding part of BRME1 had the
same protective effect as the full-length protein. Moreover, while full-
length HSF2BP sensitized cells to DNA damage, its variant lacking
helix al required for homotetramerization and the formation of a
diamond-shaped HSF2BP-BRCA2 ring did not. These results strongly
suggest that disrupting HSF2BP-BRCA2 multimerization is sufficient
to protect BRCA2 function. Together, we confirmed that formation of
HSF2BP-BRCA2 octameric rings compromises BRCA?2 role in inter-
strand crosslink repair, and this effect is prevented when HSF2BP
cannot tetramerize or BRMEI prevents the formation of HSF2BP-
BRCA2 rings.

To further distinguish the function of octamer versus 24-mer ring-
shaped complexes, we tested the HSF2BP variant H80A-R84A that

Ghouil etal., Sci. Adv. 9, eadi7352 (2023) 27 October 2023

exclusively forms octamers when bound to BRCA2-HBD (Fig. 3D).
Measuring the impact of overexpressing this variant in HeLa cells
showed that, upon DNA damage, HSF2BP H80A-R84A compromised
cell survival as HSF2BP wild type (fig. S7, A and B). We propose that the
HSE2BP capacity to induce BRCA2 degradation necessitates the forma-
tion of HSF2BP-BRCA?2 octameric rings, but not the assembly of the
24-mer ring-shaped complex.

BRME1 prevents HSF2BP-induced BRCA2 degradation

To establish the mechanism by which HSF2BP attenuates BRCA2
function, we previously studied the repair of a single chemically de-
fined and site-specific cisplatin DNA interstrand crosslink in a plas-
mid replicating in Xenopus egg extract (24). These biochemical
experiments showed that both Xenopus and human HSF2BP inhibit
replication-dependent restoration of the genetic information at the
crosslink as measured by the regeneration of a restriction enzyme
site. We demonstrated using 2D agarose gel electrophoresis that the
HR step and not the preceding steps (recognition, signaling, cross-
link unhooking by nucleases, or translesion synthesis) of the reac-
tion was inhibited and that the immediate reason for the inhibition
was HSF2BP-induced BRCA2 degradation. To determine whether
the protective effect of BRME1 we observed in cancer cells ectopi-
cally producing HSF2BP would also manifest biochemically, we per-
formed the same Xenopus egg extract assays (Fig. 6, F to H, and
fig. S7, C to F) in the presence of either the BRME1-M peptide,
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Fig. 5. A BRME1 peptide disrupts the ring-shaped complex. (A) Negative-staining EM images recorded on the complex formed by HSF2BP and BRCA2-HBD in the ab-
sence (left) and presence (right) of the peptide BRME1-M. The conditions are the same as in Fig. 2C. (B) Representative SFM images of HSF2BP, its armadillo domain
(HSF2BP-ARM), HSF2BP + BRCA2-HBD, and HSF2BP + BRCA2-HBD + BRME1-M. The complexes were assembled just before deposition on mica for SMF analysis. Only the
sample prepared for EM was purified by gel filtration. Scale bars, 100 nm. (C) Kernel density plots of the particle volume distributions for HSF2BP and its complexes with
BRCA2-HBD and BRCA2-HBD + BRME1-M. The number of particles is indicated in the legend, and the replicate of the experiment is shown in fig. S6 (A and B). (D) Kernel
density plots of particle volume distributions of the HSF2BP-ARM fragments and HSF2BP + BRCA2-HBD complexes prepared following the protocol used for EM. These
were used to determine the volumes of the dimers and the ring-shaped 24-mer, respectively. The experiment was done once, and the number of analyzed particles is
indicated. (E) Mass photometry experiments performed on HSF2BP in the presence of BRCA2-HBD (freshly assembled or cryo-EM samples) and/or BRME1-M. The distribu-
tions of masses are displayed at the indicated concentrations of proteins. The cryo-EM sample was diluted down to 100 nM, and a twofold excess of BRME1-M was used
to observe the impact of BRME1-M on the 24-mer complex. Replicates are presented in fig. S6D. (F) SEC-MALS analysis of the complex between HSF2BP and BRME1-M in
the absence (left) or presence (right) of BRCA2-HBD (column: BIOSEC 3). Replicates are presented in fig. S6E.

which binds HSF2BP al, or the adjacent BRMEI1-C peptide, which
does not bind HSF2BP (Fig. 4, A and B). Consistent with the cancer
cell data, BRME1-M reverted the inhibitory effect of HSF2BP on the
interstrand crosslink repair reaction (Fig. 6F) and specifically sup-
pressed the reduction in the formation of HR repair intermediates
monitored by 2D agarose DNA gel electrophoresis (Fig. 6G);
the nonbinding BRME1-C peptide had no such effect. Moreover,
HSF2BP-induced BRCA2 degradation was completely abolished by
the BRME1-M, but not the BRMEI1-C peptide (Fig. 6H). Combined

Ghouil etal., Sci. Adv. 9, eadi7352 (2023) 27 October 2023

with the structural and cancer cell data, this suggests that BRME1
acts as a disaggregation factor for HSF2BP-BRCA2 complexes, pre-
venting their recognition by the p97/VCP segregase and degrada-
tion by the proteasome.

DISCUSSION
The HR mediator BRCA?2 and the recently described meiotic proteins
HSF2BP and BRME1 participate in meiotic HR. They are essential for
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Fig. 6. BRME1 protects cancer cells from HSF2BP and prevents BRCA2 degradation during interstrand crosslink repair. (A) Schematic of the six HSF2BP and BRME1
fragment combinations used in (B) to (E), next to the corresponding line styles; x — protein not present. Interacting a helices are shown as green blocks. (B) Co-
immunoprecipitation of HSF2BP and BRME1 variants used in clonogenic survivals. Proteins eluted from the anti-green fluorescent protein (GFP) beads were detected by
immunoblotting with the indicated antibodies. (C to E) Clonogenic survival of Hela cells stably producing HSF2BP and BRME1 variants, as indicated in (A), and treated
with mitomycin C (MMC), cisplatin, or talazoparib. The experiments were repeated three times, and means and SEM are plotted. (F) Efficiency of synthetic cisplatin inter-
strand crosslink repair in Xenopus egg extract (24) in the presence or absence of HSF2BP, the BRME1 peptides BRME1-M (binding HSF2BP), and BRME1-C (not binding
HSF2BP; Fig. 4, A and B) (24). Replicate is shown in fig. 57 (C and D). (G) HR intermediate formation during the repair of synthetic cisplatin DNA interstrand crosslink in
Xenopus egg extract monitored by 2D agarose gel electrophoresis in the presence or absence of HSF2BP, the BRME1 peptides BRME1-M, and BRME1-C (see Fig. 4, A and
B). The X-arc that contains HR intermediates is indicated by blue arrows in the top right panel, the percentage of the signal localizing to it is indicated, as detailed previ-
ously (24), and replicate is shown in fig. S7E. (H) Effect of HSF2BP and BRME1-M or BRME1-C peptides on the endogenous Xenopus BRCA2 protein during the time course

(5 to 120 min) of the interstrand crosslink repair reaction. Antibodies used forimmunoblotting are indicated (24), and replicate is shown in fig. S7F.

male fertility. Recent studies revealed that, in germline cells, BRCA2
functions in a tight, likely constitutive, complex with HSF2BP and
BRMEIL. BRCA2 directly binds to HSF2BP via a unique repeat-
mediated oligomerization-inducing mechanism. BRME1 also directly
binds to HSF2BP and phenocopies it. Here, we extended our struc-
tural characterization of this germline BRCA2 complex (23) by study-
ing the full-length HSF2BP, rather than only its armadillo domain, in
complex with several BRCA2 and BRMEI peptides. Our findings
support our previous proposal that HSF2BP can act as a polymeriza-
tion factor for BRCA2 due to three oligomerization mechanisms: two
intrinsic to HSF2BP (homo-oligomerization via al and dimerization

Ghouil etal., Sci. Adv. 9, eadi7352 (2023) 27 October 2023

via a2 + armadillo) and one extrinsic, mediated by the repeats en-
coded by exons 12 and 13 of BRCA2 (Fig. 7). In addition, our study
reveals several properties that we did not anticipate from the previous
analyses: Tetramerization of HSF2BP into a V-shaped structure re-
vealed by SAXS and formation of ring-shaped HSF2BP/BRCA2-HBD
complexes, including a diamond-shaped octameric ring consisting of
eight HSF2BP and four BRCA2-HBD molecules, and a 880-kDa
hetero-oligomer consisting of three interlocked octameric rings re-
vealed by cryo-EM and supported by SFM, mass photometry, SEC-
MALS, AlphaFold modeling, and x-ray crystallography (Figs. 1 to 3).
We also delineated a BRME1 a-helical peptide that can bind and
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Fig. 7. Oligomeric states of HSF2BP and the “aggregator-disaggregator” mod-
el proposed to explain the effects of HSF2BP and BRME1 on BRCA2 in somatic
and germline cells. Oligomers observed experimentally are indicated in bold. Two
intrinsic [(1) and (2)] and one BRCA2-mediated (3) oligomerization mechanisms
result in the formation of a constitutive homodimer, a V-shaped tetramer, and a
large ring complex. This concentrates and organizes BRCA2, but at replication fork
stalled at crosslink, it results in aggregation and proteasomal degradation of
BRCA2. BRME1 competes with one of the oligomerization mechanisms (2), result-
ing in the formation of a 4x HSF2BP:2x BRCA2:4x BRME1 complex and thus pre-
venting or reversing BRCA2 aggregation.

displace helix al of HSF2BP, thus disrupting the tetramer formed by
HSF2BP and the ring-shaped complexes formed by HSF2BP bound
to BRCA2-HBD (Figs. 4 and 5). Together, our results support an
aggregator-disaggregator model, in which HSF2BP induces BRCA2
oligomerization, whereas BRMEL1 disrupts the ring-shaped HSF2BP-
BRCA?2 oligomers.

The remarkable ring structure of the HSF2BP-BRCA2 24-mer com-
plex revealed by our cryo-EM analysis comes from three proper-
ties of HSF2BP we identified: (i) HSF2BP is a tetrameric protein
with a V shape, the angle at the bottom of the V being defined by
the al-mediated tetramerization constraint; (ii) the relatively con-
strained V shape favors the formation of an HSF2BP octamer upon
binding to the BRCA2 peptide. In this octamer, the a2-coiled coils
lie in the same plane. They outline a diamond shape, the angle at the
vertex formed by al helices (~76°) being favored by the HSF2BP
tetramerization mode revealed in this study and the supplemen-
tary angle at the vertex formed by the armadillo domains (~104°)
being defined by the BRCA2-dependent tetrameric structure de-
scribed previously (23). The structural origin of the angle value at
the al vertex is not clear, and it may have a degree of flexibility in
solution, but we postulate that this angle value must be
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constrained to explain why HSF2BP bound to BRCA2-HBD orga-
nizes into closed diamond-shaped octamers rather than linear poly-
mers; (iii) at high concentration (pM), the octamers associate to
form a 24-mer in which the a2-coiled coils and armadillo domains
interact through interfaces that are partially evolutionary conserved
(fig. S8, A and B). While the details of these interfaces are missing,
we have identified a double mutant, H80A-R84A, which only forms
octamers upon binding to BRCA2-HBD (Fig. 3D). H80 and R84 are
conserved through evolution (fig. S9A). They are not essential for
the disruptive function of HSF2BP in cancer cells. However, their
role might be important in meiosis or other functional contexts.

We also noted the presence of three cysteine pairs located at the
HSF2BP dimerization interface and were curious whether they are
required for HSF2BP function and could be a point of redox regula-
tion for HSF2BP oligomerization (fig. S9, A to D). The triple C78A-
C120S-C128A substitution variant sensitized HeLa cells less than
the wild-type protein. The C128R variant and the L186P variant
were found in families with premature ovarian insufficiency (30).
L186 is also located at the HSF2BP dimerization interface. We sug-
gest that all these mutations destabilize the HSF2BP oligomeriza-
tion interface. Together, we surmise that (i) conservation of the
interfaces (armadillo and o2 regions involved in dimerization, al
regions involved in tetramerization, and the groove binding to
BRCAZ2; fig. S8A) reflects the functional importance of the ring-
shaped complexes, (ii) dimerization of HSF2BP is essential for most
of its functions, and (iii) formation of the octamers upon binding to
BRCA2-HBD is important for the disruptive function of HSF2BP
in cancer cells; these octamers can trigger unloading of BRCA2
from the DNA damage site and further degradation of BRCA2 by
the proteasome.

The distinct structure of the HSF2BP-BRCA2 ring-shaped
24-mer complex makes it tempting to speculate how this spatial or-
ganization might be functionally relevant. In our mass photometry
experiments, we observed single, double, and triple octamers at 10 to
100 nM, close to nucleoplasmic concentrations. The micromolar
concentrations we used for cryo-EM are higher but may well be
reached within the repair foci, the relevant functional context for
HSF2BP-BRCA2 (31). Despite the poor definition of the interfaces
between octamers in our cryo-EM model, we identified among the
candidate residues two evolutionarily conserved positions that are
specifically required for the assembly of the 24-mer from the octam-
ers, which further suggests that this is a positively selected feature
rather than an experimental artefact. There are multiple precedents
for the specific role of ring-shaped complexes in DNA metabolism
and HR specifically, from sliding clamps and hexameric helicases to
the octameric ring formed by DMC1. However, the ring we charac-
terized here is larger than the ring complexes that encompass DNA:
It has an inner diameter of 100 A compared to 25 A for hexameric
helicases or 35 A for proliferating cell nuclear antigen (PCNA) (32,
33). Also, the inner surface of HSF2BP-BRCA2 is negatively charged
(fig. S8C), and HSF2BP has no detectable affinity for DNA (23),
whereas the inner surfaces of the DNA-encompassing rings are posi-
tively charged. It is notable that the opening of the rings we charac-
terized is sufficiently large to accommodate protein-coated
single-stranded DNA (ssDNA) [~40 to 80 A; (34, 35)] and that posi-
tioning of BRCA2 on the outer surface would not hinder this. The
ring structures could thus facilitate BRCA2 retention by clamping
around coated DNA structure. HSF2BP is proposed to facilitate
BRCAZ2 recruitment or retention of BRCA2 at resected meiotic DSBs
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by interacting with the ssDNA-binding proteins (RPA, SPATA22, or
MEIOB) that coat them. However, efforts to demonstrate these direct
high-affinity interactions have so far been unsuccessful. Multiple
low-affinity interactions could ensure that the rings lock in around
the correct substrate during meiotic HR. Another role for the ring in
meiosis can be hypothesized on the basis of the proximity between
the HBD and the DMC1-binding PhePP motif of BRCA2. The motifs
are separated by a flexible linker, and it is conceivable that HSF2BP-
BRCA2 ring could form multiple connections with the octameric
ring formed by DMCI1 (36, 37), positioning it to facilitate meiotic
HR. New separation of function mouse models are required to test
these hypotheses (34, 35).

A major finding here is the disruptive role of BRME1 on the ring
structures. However, a strong phenotypic and cytological similarity
was observed between BRMEI and HSF2BP mutants, which sug-
gests that the two proteins function as a complex in meiosis. In this
context, we propose that, in the presence of BRME]L, an alternative
HSF2BP tetrameric conformation is formed, linked by two BRCA2
molecules and blocked by four BRMEI molecules from forming
higher-order assemblies. This is supported by the appearance of par-
ticles with close to tetrameric volumes, as observed in our SFM and
mass photometry experiments, in the presence of both BRCA2-
HBD and BRMEI1-M (Fig. 5, C and E). It is also supported by SEC-
MALS experiments performed at higher concentration and in the
presence of excess of peptides, in which only a tetramer is observed
(Fig. 5F). This tetramer may carry out some or all of the known HS-
F2BP functions in meiosis. It has a twofold symmetry and could
bridge two other entities as has been shown for monopolin, a V-
shaped dimeric protein bridging kinetochores during yeast meiosis
(38). BRMEI could also serve as a regulatory factor that ensures that
the HSF2BP-BRCA2 ring is assembled at the right time and place,
preventing ectopic BRCA2 polymerization that can lead to BRCA2
degradation, as revealed by our study of cancer cells discussed be-
low. The release of BRME1 from HSF2BP could be controlled by
posttranslational modification or other mechanisms, such as alter-
native splicing or competition with partners.

While the relevance of the ring-shaped BRCA2-HSF2BP com-
plex in meiosis is speculative at the moment, we suggest that our
findings resolve the arguably most puzzling observation about HS-
F2BP, namely, its apparently opposite effects on somatic versus mei-
otic HR (Figs. 6 and 7). We previously found that ectopic HSF2BP in
human cancer cells or Xenopus egg extracts suppresses HR during
interstrand crosslink repair by inducing BRCA2 degradation. This
degradation is dependent on the p97 segregase, which processes
protein aggregates (23). We hypothesized that the polymerizing ef-
fect of HSF2BP on BRCA2 turns into aggregation in ectopic set-
tings, thus inducing p97-dependent BRCA2 degradation. It was
however not clear what restricts this polymerization both spatially,
stopping the formation of endless HSF2BP-BRCA2 chains via al-
and BRCA2-linked armadillo connections, and temporally, restrain-
ing it to specific ectopic contexts. Circularization into octamers and
ring complexes allows HSF2BP-BRCA?2 to diffuse through the cyto-
plasm without forming linear chain aggregates. The disaggregating
effect of BRMEI explains why aggregation does not happen in testis
and embryonic stem cells. Aggregation followed by proteasomal
degradation happens only at the stalled replication fork. It may be
triggered by high local concentration of the proteins in foci, addi-
tional oligomerizing interactions in these foci with other proteins,
or local posttranslational modifications.  Alternatively, the
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aggregation-sensing machinery may be more active at the
crosslink-blocked fork, which is known to recruit ubiquitin ligases
and the VCP/p97 segregase itself. BRME1 was not present in the
cancer cells that we used during our first analyses, explaining why
we initially observed a disruptive effect for HSF2BP. Differential
expression of HSF2BP and BRMEI as well as alternative splicing of
BRCA2 exon 12 (17, 23, 39-41) provide cancer cell with an evolu-
tionary platform to drift between genomic instability and drug re-
sistance.

In conclusion, HSF2BP organizes BRCA2 into ring-shaped struc-
tures, consisting of BRCA2-bound HSF2BP octamers that can as-
semble into 24-mers. The rings prevent extensive polymerization of
BRCA2-bound HSF2BP, display BRCA2 on their outer surface, and
have openings that can accommodate objects the size of protein-
coated ssDNA. Under specific DNA damage conditions, assembly
of HSF2BP-BRCA2 octamers can trigger BRCA2 aggregation and
degradation, resulting in genomic instability. When HSF2BP is ex-
pressed physiologically, the formation of the ring-shaped com-
plexes is regulated by BRMEL. In the presence of both BRCA2 and
BRMEL1, HSF2BP is a tetramer that could bridge two entities during
HR. We propose that HSF2BP and BRMEL1 timely concentrate and
organize BRCA2 and other bound proteins to facilitate BRCA2-
mediated DSB repair in meiocytes.

MATERIALS AND METHODS
Protein expression and purification
Human HSF2BP—full-length wild type, its substitution variants
(H80A-R84A; Q104A-E108A), or the truncation variant lacking he-
lix a1 (from G48 to V334)—was expressed using a pETM11 (6XHis-
TEVsite) expression vector in Escherichia coli BL21 (DE3) Rosetta2
pLysS or Star strains. A starter culture [LB + kanamycin (50 pg/ml)
and chloramphenicol (30 pg/ml)] was grown overnight at 37°C and
used to inoculate 1 liter of LB, which was grown at 37°C until the
optical density at 600 nm (ODgqp) reached 0.6. Expression was in-
duced by addition of 0.2 mM isopropyl-p-p-thiogalactopyranoside
and continued at 20°C overnight. Harvested cells were resuspended
in 25 mM tris-HCI (pH 8), 500 mM NaCl, 5 mM B-mercaptoethanol,
and EDTA-free Protease Inhibitor Cocktail (Roche) and disrupted
by sonication. Lysates were supplemented with 1 mM MgCl,, treat-
ed by benzonase nuclease at 4°C for 30 min, and then centrifuged at
15,000g at 4°C for 30 min. After filtration (0.4 pm), the supernatant
was loaded on a chromatography HisTrap FF crude 5 ml column
(GE Healthcare) equilibrated with 25 mM tris-HCl (pH 8), 500 mM
NaCl, and 5 mM f-mercaptoethanol. HSF2BP (variant) was eluted
with a linear gradient of imidazole. The tag was cleaved by the TEV
protease (at a ratio of 2% w/w) during an ON dialysis at 4°C against
25 mM tris-HCI (pH 7.5), 250 mM NaCl, and 5 mM p-mercaptoethanol.
The protein solution was loaded on a HisTrap column, and the tag-
free HSF2BP was collected in the flow through. Last, a SEC was per-
formed on HiLoad Superdex 10/300 200 pg equilibrated in 25 mM
tris (pH 7.5), 250 mM NaCl, and 5 mM p-mercaptoethanol. The
quality of the purified protein was analyzed by SDS—polyacrylamide
gel electrophoresis (SDS-PAGE), and the protein concentration was
determined by spectrophotometry from the absorbance at 280 nm.
The gene coding for BRCA2-HBD (BRCA2 residues 2291 to
2342, including mutation C2332T to avoid oxidation problems) was
optimized for expression in bacteria and synthesized by GenScript.
It was cloned in a pET-22b vector. This vector was used to express a
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fusion protein comprising BRCA2-HBD, a TEV site, GBI, and a
6xHis tag in BL21 DE3 Star cells. BRCA2-HBD was purified as pre-
viously reported (23). Peptides coding for HSF2BP helix a1 (resi-
dues 19 to 50) and BRME1 C-terminal region (BRME1-N: residues
578 to 601; BRME1-M: 602 to 641; BRME1-C: 649 to 668) were pur-
chased from GeneCust.

The complex between HSF2BP and BRCA2-HBD was prepared by
mixing the two proteins at a molar ratio of 1:1.5. The mix was concen-
trated by centrifugation at 4500¢ using a 3-kDa cutoff membrane at
4°C and then loaded on a size exclusion column Superdex 200 in-
crease 10-300 GL (GE Healthcare) equilibrated with 25 mM tris-HCI
(pH 7.5), 150 or 250 mM NaCl, and 5 mM p-mercaptoethanol. The
peak fractions were collected and further analyzed by EM.

The thermal stability of HSF2BP either free or bound to BRCA2-
HBD was evaluated using the simplified ThermoFluor Assay avail-
able on the High Throughput Crystallization Laboratory (HTX Lab)
of the EMBL Grenoble (42). Samples were analyzed at different con-
centrations: HSF2BP at 7 and 14 mg/ml and HSF2BP bound to
BRCA2-HBD at 1 and 12 mg/ml.

Mass photometry

Mass photometry experiments were recorded on a Refeyn Two
system. Samples were prepared at 1 pM and diluted in 25 mM tris-
HCI buffer (pH 7.5), 250 mM (or 150 mM when indicated) NaCl,
and 5 mM f-mercaptoethanol before the experiments to reach con-
centrations comprised between 25 and 100 nM. A twofold excess of
peptides (either BRCA2-HBD or BRME1-M) was used to measure
the impact of peptide binding on HSF2BP oligomerization. Calibra-
tion of the instrument was performed in the same buffer with car-
bonic anhydrase, bovine serum albumin (BSA), and urease covering
a range of molecular weights from 29 to 816 kDa. Data were ana-
lyzed using the provided Discover analysis software. Masses were
estimated by multi-Gaussian fitting using the online PhotoMol soft-
ware (https://spc.embl-hamburg.de/app/photoMol) (43).

MP

SEC coupled to multi-angle light scattering

SEC-MALS was used to measure the molecular masses of the com-
plexes in solution. Therefore, HSF2BP (full-length wild type or its
substitution and truncation variants) was loaded in the presence or
absence of BRCA2-HBD and BRME1-M on a Superdex 200 10/300 GL
(GE Healthcare; flow rate of 500 pl/min; Figs. 1B and 2A) or a BIO-
SEC 3 column (Agilent; flow rate of 200 pl/min) using a HPLC Agi-
lent system coupled to MALS/QELS/UV/RI (Wyatt Technology).
The chromatography buffer was 25 mM tris-HCl bufter (pH 7.5), 250
mM NaCl, and 5 mM B-mercaptoethanol. The proteins were injected
at 0.8 to 7 mg/ml in 20 to 100 pl. Data were analyzed using the AS-
TRA software; a calibration was performed with BSA as a standard.
To represent the data, the normalized absorbance at 280 nm was
overlaid with the molar mass (Da), and both parameters were plotted
as a function of the elution volume.

SEC coupled to small angle x-ray scattering

SEC-SAXS is available on the SWING beamline at synchrotron SO-
LEIL to obtain a distance distribution corresponding to each sample
in solution. The free HSF2BP protein was analyzed using a BIOSEC
3 column (Agilent) equilibrated in 25 mM tris-HCI (pH 7.5), 250 mM
NaCl, and 5 mM f-mercaptoethanol. The protein was loaded at a
concentration of 6 mg/ml to observe an elution peak at an ODgonm
of 1. The SAXS intensity was measured every second during the
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elution as a function of the scattering angle. The final SAXS curve is
the sum of the curves recorded on the elution peak. A distance dis-
tribution curve P(r) was calculated, whose Fourier transform fits to
the SAXS curve. The residual values are the experimental minus the
fitted SAXS intensity values and divided by the experimental errors.
The distance distribution P(r) was plotted in arbitrary units as a
function of the distance, the maximal distance being 250 A.

Sample preparation for EM

The quality of the EM sample was checked by negative-staining
EM. Therefore, the complex between HSF2BP and BRCA2-HBD was
diluted to approximately 0.05 mg/ml in 25 mM tris-HCI (pH 7.5)
and 250 mM NaCl. Three microliters was deposited on an airglow-
discharged carbon-coated grid. Excess liquid was blotted, and the
grid rinsed with 2% (w/v) aqueous uranyl acetate. The grids were vi-
sualized at 100 kV with a TECNAI Spirit (FEI) transmission electron
microscope (Thermo Fisher Scientific, New York, NY, USA) equipped
with a K2 Base 4k X 4k camera (Gatan, Pleasanton CA, USA). A non-
diluted sample (2 to 4 mg/ml) concentrated in 25 mM tris-HCI (pH
7.5), 150 mM NaCl, and 5 mM f-mercaptoethanol was further pre-
pared for cryo-EM. An aliquot of 2.5 pl was deposited onto freshly
glow-discharged, Quantifoil R2/2 300-mesh gold grids. These grids
were frozen in liquid ethane using a Vitrobot Mark IV (Thermo Fisher
Scientific) at 100% humidity, 4°C, using a blotting force of 1 and a
blotting time of 5 s.

Cryo-EM data acquisition and image processing

For cryo-EM analysis, 9531 movies were collected using the EPU
software on a Titan Krios electron microscope (Thermo Fisher Sci-
entific) operating at 300 kV, equipped with a Selectris X filter and slit
open at 10 eV, and a Falcon 4i direct electron detection camera (ta-
ble S3). The defocus range was between —0.4 and — 1.8 pm, with a
pixel size of 0.73 A. The total dose was 40 e/A* distributed on 40
frames. Movie frames were aligned using MotionCor2 (44), with ap-
plied dose compensation. Motion-corrected micrographs were im-
ported into CryoSPARC (45). Contrast transfer function (CTF)
parameters were estimated using CTFFIND4 (46).

Micrographs were examined, and those with a CTF fit resolution
higher than 5.5 A or a relative ice thickness larger than 1.2 were ex-
cluded. The remaining 8962 micrographs were used for blob picking
as described in Fig. 2B. After several rounds of particle picking and
classification, first three volumes were calculated and refined. These
volumes corresponded to open and closed rings; particles used to
build closed rings were selected for further classification and tem-
plate picking. After several iterations including template picking, 2D
classification, ab initio volume calculation, and heterogeneous re-
finement, seven 2D classes were selected to train the Topaz tool (47),
which was then able to pick a larger set of particles. These particles
were enriched in side views of the complex. A minor family of par-
ticles showing two interlocked rings was observed and excluded.
The remaining particles were used to calculate three new volumes,
which corresponded again to open and closed rings. A set of parti-
cles consistent with closed rings were further used for another To-
paz training. Using this tool, a new set of particles was picked and
added to the first set of particles picked by Topaz. Duplicates were
removed, and three volumes were calculated and refined. One of
these volumes had the shape of an open ring, and the two other vol-
umes were well-resolved rings. The 398,000 particles corresponding
to these two volumes were used to calculate the final cryo-EM map
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of the complex (fig. S2C). Then, the 186,000 and 212,000 particles
were separately used to calculate two new cryo-EM maps (fig. S2D).
Whereas the Gold-Standard Fourier Shell Correlation (GSFSC) res-
olution of the first map is 3.3 A, the resolutions of the two other
maps are slightly lower (3.5 to 3.6 A). However, the local resolution
distribution of these two maps is different, with the map built from
212,000 particles showing overall a better resolution, and the map
built from 186,000 particles showing better resolved inner armadillo
tetramers but poorly resolved outer tetramers and coiled coils.

Building and refinement of the cryo-EM model

The density map of the complex was of sufficient quality (between 3
and 8 A) to fit the crystal structure of the armadillo domain of HS-
F2BP in complex with BRCA2-HBD (PDB codes: 7BDX) in Chime-
raX (48, 49). The map regions in which the armadillo domains were
fitted showed a local resolution of 3 to 5 A. In the peripheral region
of the complex, corresponding to the N-terminal helices of HSF2BP,
the local resolution map was in the range 5 to 8 A. In these regions,
AlphaFold guided model building. The crystal structure of the
HSF2BP armadillo tetramer bound to BRCA2-HBD was fitted in
the high-resolution cryo-EM map at a level contour of 0.035 (Fig. 2A)
using the standard fit routine from ChimeraX. In these conditions,
79% of the atoms were in the density (5855 within 7403 atoms). The
AlphaFold model of a dimer of full-length HSF2BP was similarly
fitted in the high-resolution cryo-EM map. When it was fitted by
positioning the armadillo domain in one of the three inner subvol-
umes at a level contour of 0.025 (Fig. 2B), 68% of the atoms were in
the density (3602 within 5272 atoms). When it was fitted by posi-
tioning the armadillo domain in one of the three outer subvolumes
at a level contour of 0.025 (Fig. 2B), 71% of the atoms were in the
density (3761 within 5272 atoms). All figures were prepared using
UCSF Chimera and UCSF ChimeraX. Conservation scores were
calculated using Consurf [https://consurf.tau.ac.il/ (50)].

Crystallization and structure determination

Synthetic peptides corresponding to helix al of HSF2BP (E19-V50)
and BRME1-M (E602-K641) were dissolved in 25 mM tris (pH 7.5),
250 mM NaCl, and 5 mM B-mercaptoethanol. The concentration of
the helix a1 peptide was 10 mg/ml. This peptide was mixed with the
BRMEI-M peptide to reach a concentration of 5 mg/ml. Crystalliza-
tion assays were carried out at 277 K in the HTX Lab (EMBL Greno-
ble). Several crystallization conditions were identified within 1 day,
and the crystals were grown within 2 weeks. They were prepared for
x-ray diffraction experiments using the CrystalDirect harvesting
and processing robot (51). The best crystals diffracted at 1.47-A (a1)
and 1.98-A (a1/BRME1-M) resolution. They were obtained by sit-
ting drop vapor diffusion against a reservoir containing 0.2 M LiCl;
0.1 M sodium acetate trihydrate (pH 5); 20% polyethylene glycol,
molecular weight 800 (PEG-6000) for a1; 0.1 M Hepes sodium salt
(pH 7.5); and 40% PEG-200 for al/BRME1-M. Diffraction data
were collected on the MASSIF-1 beamline (EMBL Grenoble) of the
ESRF synchrotron. Datasets were indexed, integrated, and scaled
using the X-ray Detector Software (XDS) (52). The 3D structures
were solved by molecular replacement using the PHENIX Phaser
software (53, 54) and an input coordinate file calculated by Alpha-
Fold2 (28), were iteratively improved by manual reconstruction in
COOT (55), and were refined using the PHENIX Refine and BUST-
ER (Global Phasing Limited) (56) software. A summary of crystal-
lographic statistics is shown in table S2.
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ITC experiments

Using a VP-ITC Calorimeter (GE Healthcare), interactions between
the HSF2BP protein (either full length or the peptide corresponding
to helix a1) and the BRMEL1 peptides (BRME1-N, BRME1-M, and
BRME]1-C) were characterized. The experiments were performed at
two temperatures, 293 and 303 K, and duplicated. The buffer was 25 mM
tris buffer (pH 7.5), 250 mM NaCl, and 5 mM p-mercaptoethanol. A
total of 8 to 13 uM of HSF2BP (either full length or helix al) in the
cell was titrated with 80 to 130 pM BRMEI peptide (BRMEI-N,
BRME1-M, or BRME1-C) in the injection syringe. We also tested
the interactions of HSFB2P bound to BRCA2-HBD with BRME1-M
and HSF2BP bound to BRME1-M with BRCA?2 fragments. The ex-
perimental conditions were similar, with 10 pM complex in the cell
and either 200 pM BRME1-M or 55 to 60 pM BRCA?2 fragments in
the injection syringe. In all cases, 10 pl of the syringe volume was
injected every 210 s, except for the first injection which was of 2 pl
and which was ignored in the final data analysis. This analysis was
performed using the Origin 7.0 software provided by the manufac-
turer to obtain the stoichiometries, equilibrium constants, and ther-
modynamic parameters of the binding reactions. A summary of the
ITC data is shown in Table 1.

Scanning force microscopy

Images were obtained on a NanoScope IV SEM (Digital Instruments;
Santa Barbara, CA) operating in tapping mode in air with a type J
scanner using silicon probes, ACT-W, with a tip radius < 10 nm, and
a resonance frequency range of 200 to 400 kHz (AppNano, Santa
Clara, CA). Images were processed using NanoScope Analysis (Bruker)
for background flattening. The protein volumetric analyses were done
using Image SXM 1.89 (National Institutes of Health IMAGE version
modified by Steve Barrett, Surface Science Research Centre, Univer-
sity of Liverpool, Liverpool, UK). Kernel density analysis and plotting
were done using the R software.

Sample preparation for SFM

All dilutions, reactions and depositions were done in a buffer
containing 25 mM tris-HCI (pH 7.5), 250 mM NacCl, and 5 mM
B-mercaptoethanol. HSF2BP was diluted 10,000 times to final con-
centration of 12 nM and deposited onto a freshly cleaved mica
(Muscovite mica, V5 quality, EMS). After 30 s, the mica was washed
with H,O and dried with a stream of filtered air. HSF2BP and
BRCA-HBD;;85_2337 complex was prepared by mixing 80 pM HS-
F2BP with 120 pM BRCA-HBD,g5-,337, followed by incubation on
ice for 15 min. One half of the reaction was diluted 10,000 times,
deposited onto a freshly cleaved mica, washed with H,O, and dried
with a stream of filtered air. Another half of the reaction was further
incubated with BRME1 peptide (molar ratio HSF2BP:BRME1-M =
1:1) on ice for 10 min. Sample was diluted 10,000 times, deposited
on mica, washed with H,O, and dried with a stream of filtered air.

Cell culture, constructs, and stable cell line generation

HeLa (human cervical adenocarcinoma, female origin) cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum, penicillin (200 U/ml), and streptomycin (200 pg/
ml). Expression constructs for stable production of green fluores-
cent protein (GFP)-HSF2BP, Flag-BRME]I, and their truncation
variants were engineered as described before (17) in the PiggyBac
vectors by Gibson assembly and verified by sequencing. The con-
structs were cotransfected in combinations shown in Fig. 6A and
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together with the PiggyBac transposase expression plasmid [hyPBase
(57)] using Lipofectamine 3000 (Thermo Fisher Scientific) in six-
well plates seeded with 400,000 HeLa cells the day before. Selection
with puromycin (1.5 pg/ml) for GFP-HSF2BP constructs and G418
(800 pg/ml) for Flag-BRMEL1 constructs started 2 days after trans-
fection and was maintained for 8 days. The resulting resistant mixed
cell population was used for clonogenic survival assays.

Clonogenic survival assays

Clonogenic survival assays were performed in six-well plates in techni-
cal duplicates. Untreated control wells were seeded with 100 cells per
well in 2 ml of media. Higher seeding densities of 400 and 1000 cells
per well were used in the wells treated with higher drug concentra-
tions. One day after seeding, the following drugs were added: mitomy-
cin C (MMG; Sigma-Aldrich, M4287-2MG), cisplatin, and talazoparib
(BMN-673, Axon Medchem, #2502). After 2-hour (MMC) or over-
night (cisplatin and talazoparib) incubation, drug-containing media
was removed, wells were rinsed with phosphate-buffered saline (PBS)
and refilled with 2 ml of fresh media. Colonies were stained [0.25%
Coomassie brilliant blue (CBB), 40% methanol, and 10% acetic acid]
on day 10 after seeding. Plates were photographed using a digital cam-
era, and images were analyzed using OpenCFU software to quantify
the colonies.

Co-immunoprecipitation and immunoblotting

Cells were grown in 10-cm dish to near confluence, washed twice
with PBS, and lysed in situ in 1 ml of NETT buffer [100 mM NaCl,
50 mM tris (pH 7.5), 5 mM EDTA (pH 8.0), and 0.5% Triton X-100)
supplemented immediately before use with protease inhibitor cock-
tail (Roche) and Pefabloc (0.4 mg/ml; Roche) (NETT++). After 5 to
10 min, cells were scraped off and collected in 1.5-ml microcentri-
fuge tubes; lysis was continued for additional 15 to 20 min on ice,
then mixtures were centrifuged (15 min, 4°C, 14,000 rcf), and 70 pl
of the supernatant was collected as input sample, mixed with 2x
Laemmli sample buffer, and denatured for 5 min at 95°C. The rest of
the supernatant was mixed with 8 pl of anti-GFP beads (ChromoTek,
gta-20). The mixture was incubated for 2 hours at 4°C while rotating
and washed three times in NETT++ buffer, and bound proteins were
eluted with 70 pl of 2x sample buffer and incubated for 5 min at
95°C. A total of 15 pl of bound and 7 pl of input sample were sepa-
rated on 4 to 15% TGX SDS-PAGE gel (Bio-Rad, #456-1086) and
transferred to polyvinylidene difluoride membrane (Immobilon-FL,
Millipore, IPFL00010). Gels were stained with colloidal CBB after
transfer and scanned to ascertain equal loading. Immunoblotting
was performed following standard procedures with anti-GFP rabbit
polyclonal antibody (Invitrogen, A11122) and anti-Flag mouse mAb
(M2 antibody, Sigma-Aldrich, F3165) antibodies, followed by detec-
tion with fluorescently labeled secondary antibodies were used: anti-
mouse CF680 (Sigma-Aldrich, #SAB460199) and anti-rabbit CF770
(Sigma-Aldrich, #SAB460215). Membranes were scanned using Od-
yssey CLx imaging system (LI-COR).

Interstrand crosslink repair assay

Interstrand crosslink repair assays were performed as described (58,
59). Xenopus egg extracts [high-speed supernatant (HSS) and nucleo-
plasmic egg extract (NPE)] and a plasmid containing a site-specific
cisplatin interstrand crosslink (pICL) were prepared as described pre-
viously (60, 61). pICL (9 ng/ul) and pQuant (0.45 ng/ul) were first
incubated in a HSS of egg cytoplasm for 20 min at room temperature,
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which promotes the assembly of prereplication complexes on the
DNA. Addition of two volumes NPE supplemented with **P-a-dCTP
(deoxycytidine triphosphate) triggers a single round of DNA replica-
tion. Where indicated, His-tagged human HSF2BP (0.45 pM), BRME1-M
peptide (1.35 pM), or BRME1-C peptide (1.35 pM) was added to NPE
before mixing with HSS. Aliquots of replication reaction (4 ul) were
stopped at various times with 45 pl of Stop solution II [50 mM tris
(pH 7.5), 0.5% SDS, and 10 mM EDTA]. Samples were incubated with
ribonuclease (0.13 pg/pl) for 30 min at 37°C followed by proteinase
K (0.5 pg/pl) overnight at room temperature. DNA was extracted using
phenol/chloroform, ethanol-precipitated in the presence of glyco-
gen (20 pg), and resuspended in 4 pl of TE [10 mM tris (pH 7.5) and
1 mM EDTA]. Crosslink repair was analyzed by digesting 1 pl of ex-
tracted DNA with Hinc IT or Hinc II and Sap I, separation on a 0.8%
agarose gel in 1x TBE buffer, and quantification using Typhoon TRIO+
(GE Healthcare) and ImageQuant TL software (GE Healthcare). Repair
efficiency was calculated as described (62).

2D gel electrophoresis

2D gel electrophoresis was performed as described previously (63).
Replication intermediates of pICL at various times were extracted
and digested with Hinc II. Fragments were then separated on a 0.4%
agarose gel in 0.5x TBE buffer at 0.86 V/cm for 24 hours at room
temperature. The lanes of interest were cut out, cast across the top of
the second-dimension gel consisting of 1% agarose with ethidium
bromide (0.3 pg/ml), and run in 0.5x TBE containing ethidium bro-
mide (0.3 pg/ml) with buffer circulation at 3.5 V/cm for 14.5 hours
at room temperature. The gel was dried on Amersham Hybond-XL
membrane and exposed to a phosphor screen. DNA was visualized
using a Typhoon TRIO+.

Supplementary Materials
This PDF file includes:

Figs.S1to S9

Tables S1 to S3

Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1
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