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Abstract 

The T OPO VIL complex catalyzes the formation of DNA double strand breaks (DSB) that initiate meiotic homologous recombination, an essential 
step for chromosome segregation and genetic diversity during gamete production. T OPO VIL is composed of two subunits (SPO11 and T OPO VIBL) 
and is e v olutionarily related to the archaeal TopoVI topoisomerase complex. SPO11 is the TopoVIA subunit orthologue and carries the DSB 

formation cat alytic activit y. T OPO VIBL shares homology with the TopoVIB ATPase subunit. T OPO VIBL is essential for meiotic DSB formation, 
but its molecular function remains elusive, partly due to the lack of biochemical studies. Here, we purified T OPO VIBL �C25 and characterized its 
str uct ure and mode of action in vitro . Our str uct ural analysis revealed that T OPO VIBL �C25 adopts a dynamic conformation in solution and our 
biochemical study sho w ed that the protein remains monomeric upon incubation with ATP, which correlates with the absence of ATP binding. 
Moreo v er, T OPO VIBL �C25 interacted with DNA, with a preference for some geometries, suggesting that T OPO VIBL senses specific DNA 

architect ures. Altogether, our st udy identified specific T OPO VIBL features that might help to e xplain ho w T OPO VIL function e v olv ed to w ard a 
DSB formation activity in meiosis. 
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n most organisms, the accurate segregation of the homolo-
ous chromosomes during the first meiotic division depends
n homologous recombination. This is initiated by the pro-
rammed formation of DNA double strand breaks (DSBs)
hat is catalyzed by the conserved TOPOVIL complex and
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archaeal TopoVI is composed of two subunits: TopoVIA and
B (the orthologues of SPO11 and TOPOVIBL, respectively)
that assemble as an A 2 / B 2 hetero-tetramer ( 9 ,10 ). The A sub-
unit is the catalytic part of the enzyme and the B subunit cor-
responds to the ATP binding region. Structural studies sug-
gest that TopoVI relaxation activity is mainly driven by the B
subunit motion, triggered by ATP binding / hydrolysis and in-
teraction with DNA. It was proposed that the reaction cycle
initiates by the binding of one DNA duplex (G DNA segment)
to the A subunit dimer ( 11 ). This is followed by the capture of
a second duplex (T DNA segment) upon ATP binding by the B
subunit that triggers its dimerization and the G segment cleav-
age to form a DSB with a covalent protein-DNA link ( 12 ,13 ).
Then, ATP hydrolysis induces the B subunit motion that trig-
gers the separation of the A dimer, the opening of the G seg-
ment and the passage of the T segment through the break.
This promotes G segment religation followed by the enzyme
reset through ADP release ( 9 ,14 ). Three regions of the B sub-
unit interact with DNA: the KGRR loop, the Stalk / WKxY
motif, also named WKxY-containing octapeptide (WOC) mo-
tif, and the H2TH domain. The interaction with the first two
motifs is essential for TopoVI function. Indeed, it was pro-
posed that the KGRR loop helps DNA crossing recognition
and ATP turnover, while the WOC motif is important for G
segment binding ( 15 ). 

In meiosis, TOPOVIL achieves a partial TopoVI cycle and
its activity is frozen at the DSB formation step. In vivo data
showed that DSBs are generated through the formation of
concerted double nicks catalyzed by SPO11, which remains
covalently bound to the DNA ends ( 3–6 ,16 ). This mech-
anism leads to a non-catalytic reaction, with the absence
of the religation step and a suicide reaction for TOPOVIL.
This meiotic activity implies similarities and differences be-
tween TOPOVIL and the TopoVI topoisomerase. Particularly,
like the TopoVIA subunit, SPO11 is believed to act as a
dimer, suggesting the formation of an active hetero-tetramer
composed of two SPO11 and two T OPOVIBL ( 1 , 2 , 17–19 ).
TOPOVIBL displays only partial homology with TopoVIB.
Indeed, TopoVIB contains a GHKL / Bergerat fold, a H2TH
motif, the transducer domain and a disordered C-terminal
domain (CTD) ( 9 , 10 ). Conversely, T OPOVIBL harbors a de-
generate GHKL / Bergerat fold-ATPase domain, a linker do-
main replaces the H2TH DNA interacting domain, the central
transducer domain is present but, the disordered CTD is di-
vergent (Figure 1 A) ( 3 , 6 ). T OPOVIBL molecular function, es-
pecially in mammals, remains puzzling, particularly its poten-
tial ATP-dependent dimerization and interaction with DNA,
which are pivotal for the TopoVI cycle. 

In Saccharomyces cerevisiae , the identified TOPOVIBL or-
thologue Rec102 shares similarity only with the transducer
domain. It was proposed, and supported by cryo-EM data,
that the Rec104 protein replaces the GHKL domain and
that the Rec102 / Rec104 complex fulfills TOPOVIBL func-
tion ( 6 , 7 , 20–23 ). The yeast meiotic DSB core complex was de-
fined in vitro as a 1:1:1:1 stoichiometry complex, composed
of Spo11, Rec102, Rec104 and Ski8. This core complex in-
teracts with DNA, and Rec102 is one of the contact points
( 20–23 ). Importantly, the core complex does not dimerize in
vitro and consequently is not active for DSB formation ( 20–
23 ). Therefore, the molecular function of Rec102 / Rec104
(TOPOVIBL counterpart) in these processes remains to be
understood. It was proposed that the yeast Rec114, Mei4
and Mer2 DSB accessory factors assemble in a complex. This 
complex forms condensate-like structures in the presence of 
DNA that directly interacts with Rec102 / Rec104 and thus 
might favor the core complex dimerization ( 24–28 ). Recently,
MTOPVIB, the Arabidopsis thaliana TOPOVIBL orthologue,
was purified and the in vitro analysis performed suggests that 
it does not retain the ATP binding activity, while the DNA 

interaction is conserved ( 29 ). In addition, DNA-binding stud- 
ies on MTOPVIB and MTOPVIB-SPO11 (atTOPOVIL com- 
plex), indicate that MTOPVIB plays a notable role in the 
dsDNA binding activity of the atTOPOVIL complex ( 29 ).
It is also proposed that MTOPVIB forms a homodimer,
which interacts with the two SPO11 isoforms of A. thaliana .
However, the purified overall complex, which stoichiome- 
try remains unclear, does not exhibit DSB formation activity 
in vitro . 

The different domains composing TopoVIB have been iden- 
tified in the mouse TOPOVIBL sequence. However, based 

on AlphaFold2 modeling of TOPOVIBL (AF-J3QMY9-F1- 
model), we recently showed that the ATP binding site of 
the GHKL domain is degenerated and lacks the ATP-lid 

structure and the N-terminal strap region involved in the 
ATP-dependent dimerization, suggesting a meiotic-specific 
regulation of the T OPOVIBL subunit ( 6 , 7 ). We also found 

that TOPOVIBL directly interacts with the mouse REC114 

DSB accessory protein and that this interaction is essen- 
tial for DSB formation in some genomic contexts ( 30 ).
These results indicate that TOPOVIBL regulates, in part, the 
TOPOVIL DSB catalytic activity through protein-protein in- 
teractions. However, how TOPOVIBL is intrinsically regu- 
lated at the molecular level to promote the DSB formation ac- 
tivity of the TOPOVIL complex in the mouse rather than the 
cutting / resealing activity of its archaeal counterpart remains 
unknown. 

A biochemical characterization of the mammalian meiotic 
B subunit to understand the regulation of this essential activ- 
ity for sexual reproduction is missing, probably due to dif- 
ficulties in purifying the soluble protein. Here, we present 
a biochemical and structural characterization of the mouse 
TOPOVIBL subunit, which represents a first important step 

in the characterization of TOPOVIBL role in TOPOVIBL- 
SPO11 mode of action. We purified a soluble and structured 

TOPOVIBL form that lacks the last 25 C-terminal residues: 
TOPO VIBL �C25. W e showed that this protein adopts a dy- 
namic conformation in solution, in equilibrium between an 

extended and a compact form. Unlike its archaeal counter- 
part, it did not dimerize upon incubation with ATP and 

DNA, and we did not detect interaction with ATP. How- 
ever, we found that TOPOVIBL �C25 interacts with linear 
DNA, with preference for single-stranded (ss) DNA versus 
double-stranded (ds) DNA, and with DNA of more complex 

topologies: hairpin and supercoiled. This highlights the im- 
portance of TOPOVIBL interaction with some DNA geome- 
tries for TOPOVIL regulation. In addition, we showed that 
the TOPOVIBL �C25–DNA interaction only partly relied on 

the known conserved WOC motif, but that it was fully de- 
pendent on the presence of the last 194 C-terminal residues 
of the protein, suggesting the presence of additional contact 
points with DNA in this region. From this study, we identified 

common and divergent features with the archaeal TopoVIB 

that might help to explain how TOPOVIL function evolved 

toward a DSB formation activity in meiosis. 
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Figure 1. T OPO VIBL �C25 purification and c haracterization. ( A ) Sc hematic representation of T OPO VIBL �C25. R ed bo x: 3D str uct ure model of 
T OPO VIBL �C25 by the AlphaFold2 Protein Str uct ure Database. ( B ) Circular dichroism analysis of T OPO VIBL �C25 secondary str uct ure. ( C ) SEC-MALS 
analysis of T OPO VIBL �C25 monomers (red) and dimers (blue). ( D ) Native MS spectrum of T OPO VIBL �C25 homodimer peaks at 1.5 mg / ml showing the 
presence of two charge state distributions of the dimeric species: one at an a v erage charge state of 21 + corresponding to an a v erage MW of 
123044 ± 24 Da (double dark blue circles), and another at an a v erage charge state of 32 + corresponding to an a v erage MW of 122908 ± 76 Da (double 
light blue circles). As the dimer theoretical MW is 122639 Da, the observed additional mass relates to residual adducts that remain bound to the protein 
in native conditions. Asterisks indicate hydrolyzed T OPO VIBL �C25 at 1180 0 0 and 1210 0 0 Da . Some contaminant species are also present at low 

intensity, identified by proteomics as monomeric (71448 ± 7 Da, gray circles) and homodimeric HSP70 (142875 ± 7 Da, double gray circles), see 
Supplementary Table S4 . ( E ) SEC analysis of T OPO VIBL �C25 dimer incubated with DTT. Upper panel: chromatograms of the elution profiles of the 
dimer (blue) and of the DTT-treated dimer (purple). L o w er panel: SDS-PAGE of the SEC elution fractions (8.5–14.5 ml) of TOPOVIBL �C25 dimers not 
incubated (top gel) or incubated with DTT (bottom gel). IN: SEC input. ( F ) Non-reducing-PAGE analysis followed by Coomassie staining of 
T OPO VIBL �C25 dimers and monomers incubated with TCEP (a reducing agent). *: contaminants. ( G ) Native MS spectrum of blocked T OPO VIBL �C25 
monomers (1.5 mg / ml) showing the presence of a main distribution with an average charge state of 15 + corresponding to an a v erage MW of 
61844 ± 55 Da (red circles) and another distribution corresponding to a highly charged monomer with an a v erage MW of 61710 ± 8 Da (light red circles). 
The theoretical MW of the monomer with all cysteines reduced and no carbamidomethylation is 61 31 9 Da. Some residual T OPO VIBL �C25 homodimers 
are also present at low intensity. Asterisks indicate h y drolyz ed T OPO VIBL �C25 at 59 kDa. ( H ) Superimposition of the SEC elution profile chromatograms 
of T OPO VIBL �C25 purified with (green curv e) or without 10 mM IAA in the cell ly sis buffer (purple curv e). T he peaks corresponding to T OPO VIBL �C25 
dimers and monomers are indicated. 
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Materials and methods 

Plasmid constructs for protein production 

The MBP-TOPOVIBL �C25 protein was produced in Sf9 in-
sect cells using the bac-to-bac baculovirus expression sys-
tem (Invitrogen). Mouse Top6bl cDNA was first amplified
from the pl159 plasmid ( Supplementary Table S1 ) (pETDuet-
His-Flag-GM960) using the Oli246 and Oli237 primers
( Supplementary Table S2 ) ( 6 ). After replacing the Nhe I re-
striction site by the Kpn I site in the pl207 plasmid (pFastBac-
MBP-Sae2-10His) ( 31 ), the amplified Top6bl gene was cloned
in the pl207 plasmid, at the place of the SAE2 gene, using the
Kpn I and Xma I restriction sites to generate the pl237 plasmid
(pFastBac-MBP-TOPOVIBL). pl237 was used as a template
for mutagenic PCR using Oli329 and Oli330 primers to pro-
duce the pl397 plasmid (pFastBac-MBP-TOPOVIBL �C25).
Plasmid pl413 (pFastBac-MBP-TOPOVIBL �C128) was used
as a template using Oli590 and Oli591 to replace MBP
tag by Strep tag by PCR and produce pl534 (pFastBac-
Strep-TOPOVIBL �C128). Then, Oli375 and Oli592 were
used on pl534 to generate by PCR pl535 (pFastBac-Strep-
TOPOVIBL �C194). 

Bacmid 397, 534 and 535 used for the production of
MBP-T OPOVIBL �C25, Strep-T OPOVIBL �C128 and Strep-
TOPOVIBL �C194 in insect cells, were subsequently pro-
duced from pl397, 534 and 535 respectively according to the
manufacturer’s instructions (Bac-to-Bac Baculovirus Expres-
sion system, Invitrogen). 

The pl485 plasmid (pFastBac-MBP-
TOPOVIBL �C25 

K281EK282E ) was generated by the GeneScript
company using pl397 as template. Bacmid 485, used for the
production of MBP-TOPOVIBL �C25 

K281EK282E in insect
cells, was generated according to the manufacturer’s instruc-
tions (Bac-to-Bac Baculovirus Expression system, Invitrogen)
using pl485. 

T OPO VIBL �C25, T OPO VIBL �C25K281EK282E and 

T OPO VIBL �C194 production and purification 

Sf9 cells (4.10 

6 c / ml) were infected with the P3 baculovirus at
a 1:200 ratio and grown in EX-CELL 420 serum-free medium
(14420C, Merk). After 48 hours of incubation at 28 

◦C, 180
rpm rotation, cells were harvested and resuspended in ly-
sis buffer (20 mM HEPES pH 7.5, 500 mM KCl), supple-
mented with 0.5x protease inhibitor cocktail (5056489001,
Roche) (45 ml lysis buffer for 1-liter culture). Lysis (25 ml cell
suspension) was performed on a Vibra-Cell 72405 sonicator
(Bioblock Scientific) with a small probe (630-0422, Thermo
Fisher Scientific), using 50% amplitude, 2.5 s pulse for 3
min. Whole cell extracts were centrifuged and supernatants
were filtered through 0.45 μm filters (146561, Clearline). The
T OPOVIBL �C25 and T OPOVIBL �C25K281EK282E pro-
teins were subsequently purified similarly on amylose resin
(E8021L, NEB): 3 ml resin per column and 45 ml of ex-
tract. The resin was washed and resuspended in 3 ml of ly-
sis buffer, supplemented with a homemade GST-tagged 3C
protease (PreScission) (0.033 mg / ml final concentration) to
remove the MBP tag by overnight incubation at 4 

◦C. The
cleaved fractions were collected by gravity flow as the flow
through of the column and beads were resuspended in 1.5
ml of lysis buffer with 3C protease for a second round of
cleavage. After 2 hours on ice, the second cleaved fraction
was collected. The resin column was then eluted with ly-
sis buffer containing 10 mM maltose, for evaluation of the 
non-cleaved fraction that remains in the column. The cleaved 

fractions were pooled and incubated with glutathione Super- 
flow agarose (25237, Thermo Fischer Scientific) to remove the 
GST-tagged 3C protease. The flowthrough was collected as 
the 3C protease-depleted fraction, concentrated on an Amicon 

ultra-15 centrifugal filter unit 30.000 MWCO (UFC903024,
Millipore), and injected onto a Superdex 200 10 / 300 column 

(GE Healthcare) for Size-Exclusion Chromatography (SEC) 
on a High-Performance Liquid Chromatography (HPLC) 
ÄKTA Pure system (GE Healthcare). The column was equi- 
librated and eluted with the lysis buffer. For protein purifi- 
cation in the presence of 2-iodoacetamide (IAA), lysis buffer 
was supplemented with 10 mM IAA (I6125, Sigma Aldrich).
The Strep-TOPOVIBL �C194 was purified on Strep-TactinXT 

Fast Flow resin (iba). The resin was then washed with ly- 
sis buffer and the protein was eluted with 1 × BXT Strep- 
TactinXT Elution buffer (iba). The eluted protein was con- 
centrated on an Amicon ultra-15 centrifugal filter unit 30.000 

MWCO (UFC903024, Millipore), and injected onto a Su- 
perdex 75 16 / 60 column (GE Healthcare) for Size-Exclusion 

Chromatography (SEC) on a High-Performance Liquid Chro- 
matography (HPLC) ÄKTA Pure system (GE Healthcare) pre- 
viously equilibrated in the lysis buffer. 

Tandem mass spectrometry (MS / MS) of purified 

T OPO VIBL �C25 

Samples were digested essentially according to the protocol 
described by Shevchenko ( 32 ). Samples were loaded on 10% 

SDS-PAGE gels for short migration (Mini-Protean TGX Pre- 
cast gels, Bio-Rad). One band was cut after stacking migra- 
tion. Proteins were in-gel digested using 1 μg trypsin (Trypsin 

Gold, Promega) ( 33 ). The obtained peptides were analyzed 

online using a Q-Exactive HF-X mass spectrometer (Thermo 

Fisher Scientific) interfaced with a nano-flow HPLC (RSLC 

U3000, Thermo Fisher Scientific). Samples were loaded onto 

a 25 cm reverser phase column (Acclaim Pepmap 100 

®,
NanoViper, Thermo Fisher Scientific) and separated using a 
60-min gradient of 6 to 40% of buffer B (80% acetonitrile,
0.1% formic acid) at a flow rate of 300 nl / min. MS / MS data
were analyzed in data-dependent mode (Xcalibur software 
4.1, Thermo Fisher Scientific). Full scans (350–1500 m / z ) 
were acquired in the Orbitrap mass analyzer at a resolution 

of 120 000 m / z resolution at 200 m / z . The twenty most in-
tense ions (charge states ≥ 2) were sequentially isolated and 

fragmented by high-energy collisional dissociation in the col- 
lision cell and detected with a resolution of 15 000 resolu- 
tion. Spectral data were analyzed using the MaxQuant soft- 
ware with default settings (v1.6.10.43) ( 34 ). All MS / MS spec- 
tra were analyzed with the Andromeda search engine against 
a decoy database that included the TOPOVIBL �C25 protein 

sequence, AcNMPV proteome (UP000008292), Spodoptera 
frugiperda proteome (Taxonomy 7108) (downloaded from 

UniProt, release 2021_01, https:// www.uniprot.org/ ) and clas- 
sical contaminants. Default search parameters were used, with 

Oxidation (Met) and Acetylation (N-term) as variable mod- 
ifications and Carbamidomethyl (Cys) as fixed modification.
The false discovery rate (FDR) was set to 1% for peptides and 

proteins. A representative protein ID in each protein group 

was automatically selected using an in-house bioinformatics 
tool (Leading_v3.4). First, proteins with the most numerous 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://www.uniprot.org/
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dentified peptides were isolated in a ‘match group’ (proteins
rom the ‘Protein IDs’ column with the maximum number
f ‘peptides counts’). For the match groups where more than
ne protein ID were present after filtering, the best annotated
rotein in UniProtKB, release 2021_01 (reviewed rather than
utomatic entries, highest evidence for protein existence) was
efined as the ‘leading’ protein. The iBAQ value was used to
ighlight the most abundant protein in the sample. 

ircular dichroism 

he protein secondary structure was determined by far UV-
ircular dichroism spectroscopy using a Chirascan instrument
Applied Photophysics). Protein samples (0.2–1 mg / ml in 20
M HEPES pH 7.5, 50 mM KCl) were loaded in quartz cu-

ettes, 0.1 mm path length (Hellma), and the wavelength scans
ere obtained between 185 and 260 nm, step size 0.5 nm,
andwidth 1 nm. Three different measurements were done for
ach sample. The mean value of the three measurements was
uffer-corrected and converted to mean molar residue elliptic-
ty [ θ] (deg × cm 

2 / dmol). Data deconvolution, to determine
he secondary structure contents, was done with the CDNN
oftware. 

ize exclusion chromatography coupled to 

ulti-angle light scattering (SEC-MALS) 

el filtration-purified protein samples (1–6 mg / ml) were an-
lyzed by SEC-MALS. Protein samples (20 μl) were injected
nto a Superdex 200 10 / 300 Increase column or a Superdex
5 10 / 300 Increase column (GE Healthcare) equilibrated
ith 20 mM HEPES pH 7.5, 500 mM KCl, respectively for
OPOVIBL �C25 or TOPOVIBL �C194. SEC was performed
n a HPLC system (Agilent Infinity II). Multi-angle light
cattering was detected with a miniDAWN TREOS instru-
ent (Wyatt Technology) and refractometry measured with

n Optilab T-Rex refractive index detector (Wyatt Technol-
gy). SEC-MALS data were collected and analyzed with the
STRA 7 software (Wyatt Technology). 

ative mass spectrometry 

efore MS analysis, proteins were buffer-exchanged against
00 mM ammonium acetate buffer pH 7.4 (Sigma) using Am-
con centrifugal filters (Merck) followed by Bio-Spin micro-
entrifuge columns (Bio-Rad Laboratories). 2B39 DNA was
uffer-exchanged using Bio-Spin microcentrifuge columns
Bio-Rad Laboratories). Intact MS spectra were recorded on a
ynapt G2-Si HDMS instrument (Waters Corporation) modi-
ed for high mass analysis and operated in ToF mode. Samples
ere introduced into the ion source using borosilicate emitters

Thermo Scientific). Optimized instrument parameters were as
ollows: capillary voltage 1.4 kV, sampling cone voltage 100
, offset voltage 120 V, transfer collision voltage 15 V, argon
ow rate 8 ml / min and trap bias 5 V. Trap collision voltage
aried between 50 and 120 V. Data were processed with Mass-
ynx v.4.2 (Waters). 

 OPO VIBL �C25 dimer incubation with DTT 

EC-purified TOPOVIBL �C25 dimers (200 μg in 40 μl 20
M HEPES pH 7.5, 500 mM KCl) were incubated on ice
ith 50 mM DTT (Euromedex, EU0006), final concentration,

or 30 min. Then, samples were injected on a Superdex 200
0 / 300 Increase column (GE Healthcare) for SEC on a HPLC
ÄKTA Pure system (GE Healthcare) in lysis buffer containing
1 mM DTT. 

T OPO VIBL �C25 dimer incubation with TCEP 

12 μg of SEC-purified TOPOVIBL �C25 monomers or dimers,
in 30 μl of 20 mM HEPES pH 7.5, 500 mM KCl, were in-
cubated on ice with different TCEP concentrations for 30
min. Then, samples were analyzed by non-reducing-PAGE and
Coomassie staining. 

Small-angle X-ray scattering (SAXS) of 
T OPO VIBL �C25 and of T OPO VIBL �C194 and 

ensemble optimization of T OPO VIBL �C25 

SAXS measurements were performed at the SWING beamline,
SOLEIL synchrotron (Saint-Aubin, France), using a wave-
length of 1.0332 Å and sample-to-detector distance of 2 m.
Before data collection, the TOPOVIBL �C25 dimer sample
was incubated on ice with 2 mM of DTT (final concentra-
tion) for 1 hour. After incubation, a volume of 50 μl from
the 12 mg / ml sample was injected onto a Superdex 200 In-
crease 10 / 300 GL column, running at a flow rate of 0.5
ml / min. The column was pre-equilibrated with sample buffer
(20 mM HEPES pH 7.5, 500 mM KCl, and 5% glycerol sup-
plemented with 1 mM DTT). In an independent experiment,
9 mg / ml of the monomeric TOPOVIBL �C194 sample was
loaded into a Superdex 75 Increase 5 / 150 GL, with a 0.3
ml / min flow rate. The column was pre-equilibrated with its
sample buffer (20 mM HEPES pH7.5, 500 mM KCl and 1 mM
DTT). SAXS 2D images were azimuthally averaged into a 1D
scattering intensity curve using the in-house Foxtrot software
(available at https:// www.synchrotron-soleil.fr/ en/ beamlines/
swing ). The scattering frames from buffer and sample were
selected and averaged using CHROMIXS, after a buffer sub-
traction step. The obtained SAXS intensity curves were ana-
lyzed using PRIMUS from the ATSAS software package ( 35 ).
The collected scattering vector ranges ranged from q = 0.011
to 0.055 Å–1 ( q = 4 π/ λ sin θ where 2 θ is the scattering an-
gle and λ the X-ray wavelength) ( 36 ). To represent the flex-
ibility present in TOPOVIBL �C25 monomers, an ensemble
of 10000 conformations was modeled using RANCH from
the Ensemble Optimization Method (EOM)(37). For that, the
AlphaFold2 model (af-j3qmy9-f1) lacking the C-terminal re-
gion (C451 to S579) was used as input reference, and was then
modeled as a random-coil (from C451 to P554). The theoreti-
cal scattering intensities were calculated for all conformations.
Then, sub-ensembles of 50 conformations were selected to col-
lectively fit the experimental SAXS data. The theoretical scat-
tering profile of TOPOVIBL �C194 was calculated from its
AlphaFold2 model and fitted to the experimental SAXS data
using the CRYSOL software ( 38 ), by minimizing the discrep-
ancy (chi-square value) between the calculated scattering and
the experimental data. 

T OPO VIBL �C25 dimerization test in the presence of
ATP or AMP-PNP 

20 μM of TOPOVIBL �C25 monomers purified in the pres-
ence of IAA was incubated with 50 μM ATP (P0756L, NEB)
or AMP-PNP (64473120, Roche Diagnostics) on ice for
30 min. Then, samples underwent SEC on a Superdex 200
10 / 300 Increase column (GE Healthcare) on a HPLC ÄKTA
Pure system (GE Healthcare). The SEC fractions were ana-
lyzed by SDS-PAGE. 

https://www.synchrotron-soleil.fr/en/beamlines/swing
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Conversion of T OPO VIBL �C25 dimers to 

monomers using DTT and IAA 

As the dimeric form displayed higher purity than the
monomeric form, the dimeric form was converted into a
blocked monomeric form by incubation with DTT and IAA.
SEC-purified TOPOVIBL �C25 dimers (1.5–2 mg) were incu-
bated with 50 mM DTT on ice for 30 min. Then, iodoac-
etamide (IAA), 10 mM final, was added to the sample, and
incubated on ice for 30 min. The sample was centrifuged
at 14000 g, 4 

◦C, for 10 min, and injected onto a Superdex
200 10 / 300 Increase column (GE Healthcare) on a HPLC
ÄKTA Pure system (GE Healthcare) for SEC. The fractions
of the peak center that corresponded to TOPOVIBL �C25
monomers were used for native MS and the dimerization test
in the presence of ATP or AMP-PNP. 

Fluorescence anisotropy and competition assay 

The DNA sequences 2B20, 2B39, 2B60 and 2B70 used
for fluorescence anisotropy experiments correspond to a
mouse C57BL / 6 meiotic double-strand break (DSB) hotspot
(2B, chr9, centered on the nucleotide at position 4447025,
GRCm38 / 3310) ( 39 ). Y structure, 5 

′ , 3 

′ overhangs and bub-
ble structure were generated by annealing specific oligonu-
cleotides with 2B39U. The 40 bp unrelated sequence (U40)
was chosen from the literature: 40 bp duplex from ( 15 ).
The 2Bext39 sequence was generated using the uncommon
nucleotides between 2B39 and 2B70. P53-39 and P53-70
sequences were designed by replacing the central 10 nu-
cleotides of 2B39 and 2B70 by the p53 consensus sequence
(AA GCATGCTT) ( 40 , 41 ) and by replacing the nucleotides
in position ±13 by C / G. Hairpin sequence for gapped DNA
was chosen from the literature ( 20 ). For the sequences of
the oligonucleotides see Supplementary Table S2 . ATTO647-
labeled single-stranded DNA fragments and the complemen-
tary strands were ordered from Integrated DNA Technologies.
Double-stranded DNA were produced by mixing 4 μl of 100
μM labeled DNA with 4.4 μl of the complementary strands at
100 μM (to ensure that all labeled DNA was hybridized) in 50
mM NaCl, 20 mM HEPES pH 7.5, heated at 95 

◦C for 20 min,
and cooled down at room temperature for 4 h. Hybridization
was checked on a 4–12% Bis–Tris gel in 1 × TAE. 

Fluorescence anisotropy experiments were performed in
the following conditions. Purified TOPOVIBL �C25 was di-
alyzed against binding buffer (50 mM HEPES pH 7.5, 250
mM potassium glutamate, 5% glycerol) to reduce the salt
concentration compared with the protein purification buffer.
Then, samples were serially diluted in two-fold steps in bind-
ing buffer and incubated with the ATTO647-labeled DNA
substrate, either single strand (ss) or double strand (ds), to
obtain a final concentration of 20 nM, in the dark and on ice
for 5 min. Reactions were diluted to the final binding assay
conditions (10 mM HEPES pH 7.5, 50 mM potassium glu-
tamate, 5% glycerol), and incubated on ice for 10 min. Flu-
orescence anisotropy was measured at ambient temperature
using a Safire microplate reader (TECAN) with excitation at
635 nm and emission at 680 nm. Data were the mean of at
least three independent experiments, and were fitted using a
sigmoidal dose-response model (GraphPad Prism, GraphPad
software). 

Positive and negative supercoiled plasmid DNAs were
prepared from commercial pBR322 (Fischer Scientific,
10131220). For negative supercoiled plasmid, 50 μg of
pBR322 were relaxed with 50 Units of human Topo I (Sigma- 
Aldrich, T9069 250UN) in 10 × Topo buffer (Tris 10 mM pH 

7.5, EDTA 1 mM, NaCl 150 mM, BSA 1%, glycerol 4%) and 

0.3 μg / ml BET was added in a final volume of 2 ml. For posi-
tive supercoiled plasmid, 50 μg of pBR322 were relaxed with 

50 Units of human Topo I in Topo buffer containing 2 mM Ac 
Mg and 60 μM final Netrospin in a final volume of 2 ml. DNA 

were incubated at 37 

◦C for 30 min in a thermomixer. Nega- 
tive and positive supercoiling reactions were ended with 40 

μl SDS and 200 μl EDTA for positive supercoiling only. Then,
drug was extracted by chloroform extraction, followed by bu- 
tanol extraction five times. DNA was finally precipitated in the 
presence of 0.8 M ammonium acetate in Ethanol 66% and 

washed in ethanol 70%. Supercoiled status was checked on 

1% agarose gel in TEP buffer (36 mM Tris, 1 mM EDTA, 30 

mM NaH 2 PO 4 ) (4 V / cm, 2 h) and stained with BET 2 μg / ml,
see Figure S5 E to confirm that supercoiled values in negative 
and positive are similar. Competition assays were carried out 
as described for the direct binding assay, with protein sam- 
ples diluted in binding buffer to a final concentration of 1.3 

μM and incubated with the ATTO647-labeled 2B39 dsDNA 

at a final concentration of 20 nM. Unlabeled negatively or 
positively supercoiled pBR322 plasmid were titrated by seri- 
ally diluting them in two-fold steps in the final binding assay 
buffer, starting from 100 μM bp. Incubation conditions were 
the same as for the direct titration. Anisotropy data were fit- 
ted using BIOEQS ( 42 ), allowing to determine the dissociation 

constants ( K d ) of these interactions. 

Results 

Purification of mouse T OPO VIBL �C25 

To characterize the molecular mechanisms underlying 
TOPOVIBL activity, we purified in vitro the mouse 
TOPOVIBL protein. As full length TOPOVIBL fused to 

the maltose binding protein (MBP) tag was mostly insolu- 
ble after expression in Sf9 insect cells, we tested different 
truncated versions. TOPOVIBL �C25, which lacks the last 
25 C-terminal residues that fold into a single helix essen- 
tial for the interaction with the REC114 meiotic protein 

(Figure 1 A) ( 30 ), showed the highest solubility. AlphaFold2 

structure prediction (AF-J3QMY9-F1-model) suggested 

that TOPOVIBL �C25 includes a globular domain at its 
N-terminus that contains the GHKL-Like and Linker motifs 
(respectively residues 1–172 and 172–196), followed by 
the transducer domain (a long alpha-helix, residues 196–
450) that is connected to a disordered region of 119 amino 

acids (Figure 1 A). Among the different tested constructs,
TOPOVIBL �C25 was the closest in structure to the full- 
length protein. Moreover, we previously showed by yeast 
two-hybrid assay that it interacts with SPO11 ( 30 ), suggest- 
ing that it is correctly folded in vivo . Therefore, we decided to 

characterize in vitro TOPOVIBL �C25 that we consider the 
most informative to assess the TOPOVIBL subunit role. 

We affinity-purified TOPOVIBL �C25 fused to the 
MBP tag, and then released the protein from the resin 

by tag cleavage with the PreScission protease followed 

by purification by size exclusion chromatography (SEC) 
( Supplementary Figure S1 A-C). We confirmed by tandem 

mass spectrometry (MS / MS) that the purified protein 

corresponded to TOPOVIBL �C25: 40 unique peptides 
identified all along the protein and the highest iBAQ value 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
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 Supplementary Figure S1 D and Supplementary Table S3 ).
ar-UV circular dichroism analysis of purified
OPOVIBL �C25 confirmed the presence of secondary
tructures in a proportion that matched the AlphaFold2
odel derived from AF-J3QMY9-F1 pdb file ( Figure 1 B),

ndicating proper folding of purified TOPOVIBL �C25. 
During SEC purification of TOPOVIBL �C25, we observed

 second peak at a lower elution volume that could correspond
o the protein eluted as homodimer ( Supplementary Figure 
1 C). To better characterize the different purified species, we
sed SEC coupled to multiangle light scattering (SEC-MALS).
he experimental molecular weight (MW) values were com-
atible with two oligomeric states: 55 kDa for the monomer
nd 111 kDa for the homodimer (Figure 1 C), compared
ith the theoretical MW of 61.32 and 122.64 kDa for the
onomeric and dimeric form, respectively. 
We further characterized the protein in its putative homod-

mer state by native MS that gave a MW of 123.044 ± 0.024
Da, in accordance with the expected MW of a homodimer

Figure 1 D). In native MS spectra, we observed systematically
wo charge state distributions that corresponded to the ho-
odimer mass, one with an average charge of 21+ and another
ith a higher average charge of 32+ (Figure 1 D). This sug-

ests that TOPOVIBL �C25 exists in a close and a more open
onformation. The second could be related to the disordered
egion in the protein and / or to unfolded TOPOVIBL �C25
pecies. Increasing the activation during MS acquisition did
ot lead to the disruption of the dimeric stoichiometry.
his implied the presence of a covalent interaction between
onomers. As TOPOVIBL �C25 contains eleven cysteines, we
ypothesized that these residues can form disulfide bonds dur-
ng protein production or purification. To test this hypothe-
is, we incubated TOPOVIBL �C25 homodimers with 50 mM
ithiothreitol (DTT, a reducing agent), followed by SEC anal-
sis. We observed a displacement of the homodimer toward
he monomeric form (Figure 1 E and Supplementary Figure 
2 A). Similarly, incubation of the homodimer with differ-
nt concentrations of tris(2-carboxyethyl)phosphine (TCEP),
rom 1 to 10 mM, followed by protein separation on non-
educing acrylamide gels showed that homodimers can be
ully converted into monomers (Figure 1 F and Supplementary 
igure S2 B). Moreover, native MS analysis of SEC-purified
OPOVIBL �C25 homodimers that were subsequently in-
ubated with 50 mM DTT and 10 mM 2-Iodoacetamide
IAA), which alkylates the accessible cysteine residues and pre-
ents the formation of disulfide bonds, confirmed the forma-
ion of stable blocked monomers with a measured MW of
1844 ± 55 Da (Figure 1 G and Supplementary Table S4 ).
hese results show that TOPOVIBL �C25 homodimers result

rom disulfide bond formation. 
Lastly, to evaluate whether these bonds are induced by

he oxidative environment of the cell lysis conditions or
re formed during protein folding in Sf9 cells, we purified
OPOVIBL �C25 in lysis buffer that included 10 mM IAA.

AA alkylated and blocked the free cysteines, but not the cys-
eines that were engaged in disulfide bonds in the cells in
ivo during protein expression and folding. SEC showed that
n this condition, TOPOVIBL �C25 was mainly purified as
onomers (Figure 1 H and Supplementary Figure S2 C). There-

ore, we propose that (i) TOPOVIBL �C25 homodimer forma-
ion is due to stochastic intermolecular interactions between
ysteines, favored by the oxidative environment of the purifi-
ation conditions and (ii) TOPOVIBL �C25 homodimers have
no physiological relevance. In line with these assumptions, we
noticed that AlphaFold2 did not generate unambiguous ho-
modimers and that the N-Strap dimerization domain of ar-
chaeal TopoVIB was not identified in the TOPOVIBL sequence
( 6 , 7 , 30 ). For all these reasons, we focused on the monomeric
form of TOPOVIBL �C25 to gain further details in its struc-
ture and function. 

T OPO VIBL �C25 monomers adopt a dynamic 

conformation in solution 

In parallel of the study of TOPOVIBL �C25 that closely
matches the full-length sequence, we aimed at preparing
a shorter construct of TOPOVIBL lacking the disordered
CTD ranging from the residues 450–554 (Figure 1 A), as
unstructured region could interfere with biophysical assays
and provide conformational heterogeneity. First, we intended
to purify the TOPOVIBL �C128 construct that contains the
residues 1–450. This construct turns out to be mostly in-
soluble, and thus difficult to analyze in vitro with our ex-
pression and purification strategy. We suspect that the ex-
posed hydrophobic patch in the last 66 C-terminus amino
acid of the AlphaFold2 model of TOPOVIBL �C128 com-
promises the expression and purification of a soluble pro-
tein ( Supplementary Figure S3 A). To overcome this limi-
tation, we expressed the TOPOVIBL �C194 protein fused
with the Strep tag, which contains the residues 1–385
corresponding to the globular core of TOPOVIBL and
which shows high overexpression and solubility. We affin-
ity purified the Strep-TOPOVIBL �C194 protein, followed
by size exclusion chromatography (SEC) ( Supplementary 
Figure S3 B). Far-UV circular dichroism and SEC-MALS
analysis of the purified TOPOVIBL �C194 matches its Al-
phaFold2 model in terms of secondary structure content and
shows that TOPOVIBL �C194 forms a monomer in solu-
tion ( Supplementary Figure S3 C and D), respectively . Finally ,
we performed SEC coupled to Small-Angle X-ray Scattering
(SEC-SAXS) on the purified TOPOVIBL �C194 (Figure 2 A)
to further gain structural information. Using CRYSOL ( 38 ),
we show an excellent fitting of the TOPOVIBL �C194 Al-
phaFold2 model with the experimental SEC-SAXS data, with
a chi-square value of 1.47 (Figure 2 A). 

Having fully validated the AlphaFold2 model of the core
of TOPOVIBL, we further evaluate the conformation of
TOPOVIBL �C25 monomers in solution, by performing SEC-
SAXS measurement on this large construct (Figure 2 A). SEC-
SAXS data indicated that TOPOVIBL �C25 had a radius
of gyration (Rg) of 3.65 ± 0.06 nm and a maximum in-
tramolecular distance (Dmax) of 15.6 ± 0.6 nm in solu-
tion. As a comparison, the Rg of TOPOVIBL �C194 is 2.46
nm and the Dmax is 9.8 nm. MW estimation confirmed
that TOPOVIBL �C25 remained as monomers (experimen-
tal MW of 62.4 kDa vs theoretical MW of 61.32 kDa)
in the SEC-SAXS experimental conditions. Whereas the di-
mensionless Kratky plot displays a perfect bell-shaped peak
for the TOPOVIBL �C194 protein, it is rather a combina-
tion of a bell-shape and a plateau at higher gRg values for
the TOPOVIBL �C25 construct, with a shift from the val-
ues expected for globular proteins on both x and y axes
( 43 ), indicative of flexibility in the TOPOVIBL �C25 pro-
tein (Figure 2 B). The asymmetrical pairwise distance distribu-
tion function, P(r), also confirmed TOPOVIBL �C25 flexibil-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
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Figure 2. SEC-SAXS data shows a flexible, but preferential conformation of T OPO VIBL �C25 in solution. ( A ) The SAXS intensity profile for monomeric 
T OPO VIBL �C25 (blue open circles) and monomeric T OPO VIBL �C194 (pink open circles) are o v erlaid with the theoretical curve derived from the EOM 

sub-ensemble selection (blue solid line) and derived from CRY SOL fit ting using AlphaFold2 model (pink solid line), respectiv ely. R esiduals from the fitting 
are shown below in the corresponding colors. ( B ) SAXS data are plotted as a pair-distance distribution function P ( r ) (inset), and a dimensionless Kratky 
plot to assess and compare the le v el of disorder in the T OPO VIBL �C25 and T OPO VIBL �C194 proteins. The P ( r ) function for T OPO VIBL �C25 shows an 
extended tail which is characteristic for partially unfolded proteins, whereas the P ( r ) for T OPO VIBL �C194 shows a symmetric bell-shaped curve, as is 
e xpected f or globular proteins. Similarly, in the dimensionless Kratky plot, T OPO VIBL �C194 beha v es as e xpected f or globular protein (sho wing a 
characteristic maximum value of 1.107 for sRg = 

√ 

3, highlighted as the crossing of the black dashed lines) while the T OPO VIBL �C25 plot is shifted on 
both the x and y axes, typical for that of a partially unfolded protein. ( C ) Radius of gyration (Rg) distribution of randomly generated ensembles (gray) and 
selected ensembles (purple), indicating a higher frequency ( ∼66%) of the compact conformation (i) than the elongated conformation (ii) of 
T OPO VIBL �C25 in solution. ( D ) R epresentativ e T OPO VIBL �C25 compact (i, Rg < 35) and elongated states (ii, Rg > 40) selected b y EOM. T he 
T OPO VIBL �C194 construct is colored in pink. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkae587/7706479 by N

egociations – R
essources electroniques pour les portails user on 10 July 2024
ity, contrary to the fully symmetrical P(r) curve of the ordered
TOPOVIBL �C194 protein (Figure 2 B, inset). 

To precisely characterize the protein structure, we gener-
ated an ensemble of conformations based on the AlphaFold2
model of TOPOVIBL �C25, especially for the protein core
that comprises the GHKL-like domain, the linker and the
transducer motif. The C-terminal domain (from C451 to
S579) was built as a random-coil region. Fitting the SAXS
profile using the Ensemble Optimization Method (EOM) ( 37 )
indicated that TOPOVIBL �C25 C-terminal domain did not
behave as a fully random coil part. Indeed, the SAXS pro-
file of TOPOVIBL �C25 was best described with an excellent
fit to the experimental profile (chi-square of 0.76) by EOM
selected sub-ensembles showing that the C-terminal region
adopts two distinct conformations leading to an elongated
form of TOPOVIBL �C25 (with Rg > 40Å), where the C-
terminal region is highly extended and to a more compact
form of TOPOVIBL �C25 (with Rg < 35Å), where the C-
terminal region is in close proximity to the core of the pro- 
tein. The latter represents 66% of the selected conformations 
over 20% frequency of extended (Figure 2 C). Importantly, the 
peaks corresponding to these two forms were robust relative 
to the parameters used for the genetic algorithm optimization 

in EOM and supported the hypothesis that TOPOVIBL �C25 

exists in a dynamic conformational equilibrium between two 

main states, with a preference for the compact form in solu- 
tion (Figure 2 D). This suggests an allosteric regulation of the 
TOPOVIBL subunit. 

T OPO VIBL �C25 is not sensitive to ATP 

In Archaea, ATP-induced TopoVIB dimerization is essential 
for TopoVI cutting and resealing activities ( 44 ). We previously 
reported that the ATPase domain of mouse TOPOVIBL is de- 
generated compared to its archaeal ancestor ( 30 ). Yet, despite 
the absence of the conserved N-strap dimerization domain in 
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he TOPOVIBL sequence, we did not rule out the possibility
f an ATP-dependent TOPOVIBL �C25 dimerization. To ad-
ress this question, first, we purified TOPOVIBL �C25 in the
resence of IAA to favor the formation of blocked monomers,
ollowed by incubation, or not, with an excess of ATP. Both
onditions led to the same SEC elution profile, compatible
ith the presence of stable monomers. This suggested that
OPOVIBL does not dimerize upon incubation with ATP (Fig-
re 3 A and Supplementary Figure S4 A). To rule out the pos-
ibility of a rapid ATP turnover that might mask the ATP
inding-dependent TOPOVIBL dimerization, we used an ex-
ess of AMP-PNP, the non-hydrolyzable ATP analogue. Again,
e did not detect TOPOVIBL dimerization (Figure 3 B and

upplementary Figure S4 B). 
Second, we incubated blocked TOPOVIBL �C25
onomers with two different ATP concentrations (20
M and 50 μM, 1:1 and 1:2.5 molar ratio, respectively)
efore native MS analysis that did not highlight any strong
nteraction of TOPOVIBL �C25 with ATP (Figure 3 C). The
mall ATP adducts observed did not increase significantly
pon ATP addition, and were mainly visible at the lowest
harge states of TOPOVIBL �C25 (15+). This implies that the
bserved adducts are most probably related to non-specific
inding occurring during the electrospray process. On the
ther hand, ATP addition did not induce any increase in the
roportion of homodimeric species detected in the native MS
pectra. 

Our results suggest that TOPOVIBL �C25 does not interact
ith ATP and experimentally validated our previous in silico
redictions ( 30 ). Moreover, they show that unlike its archaeal
rthologue, the TOPOVIBL subunit does not retain the ATP-
ependent dimerization activity. 

 OPO VIBL �C25 binds to DNA, with topological 
references 

rchaeal TopoVI relaxation activity requires TopoVIB in-
eraction with DNA, with a topological preference for lin-
ar duplex DNA of 60 bp, negative supercoils, and DNA
rossings ( 15 ). To determine whether the meiotic TOPOVIBL
ubunit also interact with DNA, independently of the pres-
nce of SPO11 (the TopoVIA orthologue), we first measured
OPOVIBL �C25 affinity for DNA duplexes of different

engths and sequences. The duplex sequences chosen for these
xperiments (2B20, 2B39, 2B60 and 2B70, Supplementary 
igure S5 A and Supplementary Table S2 ) were centered on a
57BL / 6 mouse meiotic DSB hotspot (2B, chr9, centered at
osition 4447025), mapped using the SPO11-oligo approach
nd shown to be targeted and cut by the TOPOVIL complex
n vivo ( 39 ). We measured TOPOVIBL �C25 affinity for the
inear DNA duplexes (from 20 to 70 bp) labeled with the
TTO647 fluorescent probe, using a fluorescence anisotropy-
ased approach. TOPOVIBL �C25 monomers bound to 2B20
uplex DNA with a K d of 1610 nM (Figure 4 A). The affin-
ty increased ( K d = 650 nM) for the 39 bp duplex, and
hen progressively decreased for the 60 and 70 bp duplexes
 K d = 900 and 1500 nM, respectively) (Figure 4 A). Com-
etition experiments performed with unlabeled 2B39 duplex
onfirmed that the DNA-TOPOVIBL �C25 monomer interac-
ion was DNA-specific and not related to the labeling with
TTO647 ( Supplementary Figure S5 B). 
These experiments showed that among the different ds-
DNA duplexes tested, the TOPOVIBL �C25 subunit pref-
erentially interacted with DNA of 39 bp in length. We
then used native MS to confirm the results obtained by flu-
orescence anisotropy and assess the stoichiometry of the
TOPOVIBL �C25 monomer-DNA interaction. The native MS
spectra obtained after incubating blocked TOPOVIBL �C25
monomers with the 2B39 duplex showed a TOPOVIBL �C25-
DNA interaction with a 1:1 stoichiometry (Figure 4 B). Adding
DNA did not trigger the formation of TOPOVIBL �C25
dimers in the tested conditions (Figure 4 B). To investigate
whether TOPOVIBL �C25 exhibited any DNA sequence pref-
erences, we performed similar affinity measurements using
two additional dsDNA substrates: a 40 bp oligonucleotide
with a sequence that did not correspond to a mouse mei-
otic DSB hotspot (named Unrelated 40 bp, U40), and a
39 bp oligonucleotide whose sequence was designed using
the uncommon nucleotides between 2B39 and 2B70 (named
2Bext39). The TOPOVIBL �C25 affinities for these duplexes
(respectively K d = 700 nM and 633 nM) were similar to
the one for the 2B39 duplex (Figure 4 C). This indicated
that TOPOVIBL �C25 may not have any DNA sequence
preferences. 

Then, we investigated whether the DNA geometry, rather
than the DNA sequence, influenced TOPOVIBL �C25 bind-
ing to DNA, as observed for archaeal TopoVI, and pro-
posed for yeast Spo11 complex ( 15 ,45 ). First, using a sim-
ilar fluorescence anisotropy-based approach, we measured
the affinity of TOPOVIBL �C25 for ATTO647 fluorescently
labelled 39 bp DNAs of different shapes: a Y structure, a
5 

′ 2 nt-overhang, a 3 

′ 2 nt-overhang and an internal 5 bp
bubble structure, and found that these modifications in the
DNA shape of the initial ds2B39 does not significantly af-
fect the affinity ( Supplementary Figure S5 C). In yeast, Prieler
and colleagues found a preference for Spo11 cleavage at se-
quences that partially match a 26-nt long pseudopalindromic
motif: CN7AAGCA|TGCTTN7G ( 45 ). The central 10 bases
of this motif matches the p53 response element consensus,
required for DNA bending ( 40 ,41 ). Then, to test whether
TOPOVIBL �C25 exhibits a better affinity for this sequence,
we replaced the 10 central oligonucleotides of 2B39 and 2B70
by the p53 motif, inserted a C / G at position ± 13 and, sub-
sequently measured affinity. Using these new oligonucleotides,
we did not detect any significant modification in affinity when
we compared with the initial 2B oligonucleotides of the same
sizes ( Supplementary Figure S5 D), indicating that in vitro , the
modifications triggered per se by the p53 sequence are not
enough to be sensed by TOPOVIBL �C25. Recently, a cryo-
EM analysis of the yeast Spo11 core complex revealed its
interaction with a DNA of a particular geometry consisting
of two hairpins linked by a single strand sequence, named
gapped DNA. This structural study showed that all subunits
of the core complex interact with the DNA, highlighting the
importance of multiple contact points between the complex
and its substrate, as well as a preference for specific DNA ge-
ometries ( 20 ). Thus, we tested whether TOPOVIBL �C25 in-
teracts with gapped DNA. Remarkably, we found that the pro-
tein interacts with gapped DNA, with a slightly higher affin-
ity compared to ds2B39, with a Kd ratio of 2.5 for ds2B39 vs
gapped DNA (Figure 4 D). Finally, we measured the affinity of
TOPO VIBL �C25 with A TTO647-labeled linear ssDNA (39
bases, ss2B39) and found a K d of 310 nM (versus 680 nM for

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
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Figure 3. T OPO VIBL �C25 is not sensitive to ATP and AMP-PNP. ( A ) SEC c hromatograms of bloc ked T OPO VIBL �C25 monomers incubated (dark green) 
or not (light green) with ATP. ( B ) SEC chromatograms of T OPO VIBL �C25 monomers incubated or not with AMP-PNP. Upper panel: chromatograms of 
the elution profiles of T OPO VIBL �C25 monomers not incubated (light green) and incubated with AMP-PNP (dark green). L o w er panel: SDS-PAGE and 
Coomassie staining of the SEC elution fractions of T OPO VIBL �C25 monomers not incubated (top gel) and incubated with AMP-PNP (bottom gel). The 
light green box and dark green box highlights the fractions corresponding to the monomer peak. IN: SEC input. *: contaminant bands, 3C: band of the 
P reScission protease. ( C ) Nativ e MS analy sis of 20 μM T OPO VIBL �C25 monomers incubated with increasing amounts of ATP, showing the presence of 
rare, non-specific ATP binding at high concentrations (green circles). Red and light red circles represent blocked monomeric species, double blue circles 
represent residual dimeric species, and asterisks indicate contaminant species. 
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Figure 4. T OPO VIBL �C25 interacts with DNA. ( A ) Binding of ATT O-647-labeled dsDNA fragments (related to a mouse recombination hotspot) of 20 bp 
(2B20), 39 bp (2B39), 60 bp (2B60) and 70 bp (2B70) to T OPO VIBL �C25. Binding was observed as a change in fluorescence anisotropy ( �FA) measured 
in milli-Anisotropy units (mAU) in function of T OPO VIBL �C25 concentration. The points and error bars represent the mean and standard deviation of 
three independent experiments. ( B ) Native MS spectrum of an equimolar mixture of T OPO VIBL �C25 and 2B39 duplex sequence showing the presence 
of the resulting 1:1 stoichiometry complex at 85731 ± 156 Da, in addition to free monomeric T OPO VIBL �C25 and dsDNA. ( C ) Binding of the 
ATTO-647-labeled 40 bp fragment (U40; unrelated to the mouse hotspot) and ATTO-647-labelled 2B e xt39 to T OPO VIBL �C25. Experiments performed as 
in (A). ( D ) Binding of the ATTO-647-labeled ds2B39 bp fragment and ATTO-647-labelled Gapped DNA to TOPOVIBL �C25. Experiments performed as in 
(A). (E) Binding of ATTO-647-labeled 2B39 (39 bp) dsDNA and ssDNA sequences to TOPOVIBL �C25. Experiments performed as in (A). ( F ) Fluorescence 
anisotrop y e xperiment assessing the ability of negativ e and positiv e supercoiled DNA (pBR322 (-) and pBR322 (+)) to compete a fluorescent-labeled 
2B39 dsDNA from T OPO VIBL �C25. Competition was observed as a change in fluorescence anisotropy ( �FA) as measured in milli-anisotropy units 
(mAU). Data are plotted as a function of the base-pair concentration ( μM) of competing DNA. Points and error bars correspond to the mean and standard 
deviation of three independent experiments. Due to variability in protein sample preparation, K d comparison obtained from anisotropy were done within 
experiments, and not between different experiments. 
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dsDNA), indicating a better affinity for ss2B39, compared to
the different ds2B39 tested (Figure 4 E). 

In archaea, it was shown that DNA with complex topolo-
gies, like supercoiled DNA and DNA crossings, are sensed
by the TopoVIB subunits ( 15 ). We then assessed the rel-
ative affinity of TOPOVIBL �C25 for DNA topologies of
negative and positive supercoiled plasmids using a competi-
tive binding assay. We incubated TOPOVIBL �C25 with the
ATTO647-labeled 2B39 duplex and varying amounts of un-
labeled negatively or positively supercoiled pBR322 plasmid
( Supplementary Figure S5 E) and, we determined the affinity
of TOPOVIBL �C25 for the supercoiled plasmids competi-
tors by monitoring how well they interfered with the bind-
ing of labeled linear dsDNA. Importantly, the fitting of this
competition using BIOEQS ( 42 ) gives dissociation constants
for the different competitors. We measured a high affinity of
TOPOVIBL �C25 for the two supercoiled plasmids ( K d = 1.7
± 0.4 and 2.3 ± 0.05 nM, respectively for negative and pos-
itive supercoiled) (Figure 4 F). In our experimental condition,
possibly due to the sensitivity of our assay, we consider that
this slight difference in affinity for negative compare to posi-
tive supercoiled plasmid DNAs is not significant. 

Altogether, we showed that the TOPOVIBL �C25 sub-
unit, independently of the rest of the TOPOVIL complex, di-
rectly interacts with DNA. This interaction is DNA sequence-
independent, and we propose that it is sensitive to the DNA ge-
ometry . Specifically , TOPOVIBL �C25 interacts with dsDNA
of 39 bp and, with a better affinity, with ssDNA and gapped
DNA, a substrate of more complex geometry. We also found
an interaction of TOPOVIBL with supercoiled plasmids, indi-
cating its affinity for DNA crossings. 

T OPO VIBL �C25 interaction with DNA partially 

depends on the WOC motif 

Of the three TopoVIB regions that interact with DNA (KGRR
loop, WOC motif, and H2TH domain), only the WOC motif is
conserved in the TOPOVIBL sequence. This motif is essential
for TopoVI activity and might function as an interface for ro-
bust binding to the G DNA segment ( 7 ,15 ). To assess whether
the WOC motif function is conserved in mouse TOPOVIBL,
we generated a double acidic mutation in the WOC motif of
TOPOVIBL �C25, leading to the TOPOVIBL �C25 

K281EK282E

mutant protein (Figure 5 A) that was purified using the purifi-
cation strategy described for TOPOVIBL �C25. The far-UV
circular dichroism and SEC results suggested that the two mu-
tations introduced in TOPOVIBL �C25 did not alter the pro-
tein structure (Figure 5 B and Supplementary Figure S6 ). To de-
termine whether the mutations in TOPOVIBL �C25 

K281EK282E

affected the interaction with DNA, we performed affinity mea-
surement by fluorescence anisotropy. Using the fluorescent-
labeled 2B39 duplex, we measured a reduction of the binding
affinity, with a mutant v er sus wild type K d ratio of 3 (Figure
5 C). This showed that the WOC motif contributes, partly, to
the contact of TOPOVIBL �C25 with DNA. It also indicates
that an additional, not conserved, part of the protein interacts
with the DNA substrate. 

Finally, we tested if the shorter TOPOVIBL �C194 pro-
tein, which contains the WOC motif, retains the capability
to interact with DNA. Fluorescence anisotropy experiments
have been performed with labeled ds2B39 and ss2B39 and, as
shown in Figure 5 D, the TOPOVIBL �C194 protein is not able
to bind DNAs, or with very low affinities. This result indicates
that the region 360–554 of TOPOVIBL �C25 that contains a 
part of the transducer and the full CTD domain is essential 
for DNA binding. 

Discussion 

Since the identification of mouse TOPOVIBL, understand- 
ing its molecular function has been a central question.
Here, we provide an in vitro biochemical characterization of 
TOPOVIBL showing that it has common and also distinct fea- 
tures with its archaeal orthologue TopoVIB. These data help 

to understand its specific mode of action during meiosis. 

New structural insights on T OPO VIBL 

We purified the TOPOVIBL �C25 protein that lacks the last 
25 C-terminal residues and the helix involved in the interac- 
tion with REC114 (a meiotic DSB formation accessory pro- 
tein) ( 30 ). TOPOVIBL �C25 purified as a single monomer,
if disulfide bond formation was prevented during the pu- 
rification. Of note, we also purified a shorter construct,
TOPOVIBL �C194, as a single monomer, which suggests that 
these disulfide bonds form randomly between the cysteines 
that lie in the CTD unstructured region. The secondary struc- 
ture analysis of TOPOVIBL �C194 and TOPOVIBL �C25 by 
circular dichroism and their structural characterization by 
SEC-SAXS confirmed the correct folding of the proteins and 

experimentally validated the AlphaFold2 structure predic- 
tions. In addition, we showed that TOPOVIBL �C25 exists in 

a conformational equilibrium between two states where the C- 
terminal disordered tail can adopt either a compact structure 
in close contact with the TOPOVIBL �C25 core, or a more 
extended structure that is compatible with potential regula- 
tory intramolecular interactions. This highlighted the intrin- 
sic flexibility of the protein. The compact TOPOVIBL �C25 

arrangement could represent a closed conformation and the 
interaction of the missing C-terminal helix with partners (e.g.
REC114) could trigger the opening of the protein by moving 
away the disordered part. Such conformational changes might 
have consequences on the TOPOVIL complex structure and 

activity, making it inactive (compact conformation) or active 
(extended conformation) for DSB formation. Adding SPO11 

and REC114 for the biochemical analysis of TOPOVIBL will 
be essential in future studies to validate this hypothesis. 

T OPO VIBL �C25 is not sensitive to ATP 

Although the N-strap region is missing and the GHKL AT- 
Pase domain degenerated in TOPOVIBL, it is crucial to deter- 
mine whether TOPOVIL activity relies on TOPOVIBL dimer- 
ization in order to understand its molecular function. Our 
SEC experimental data show no changes in the monomeric 
state in the presence of ATP or ANP-PNP. Moreover, our 
native MS analysis, which enables for the determination of 
precise molecular weight, does not reveal a specific binding 
of A TP to TOPO VIBL �C25 monomer. These results suggest 
that TOPOVIBL �C25 does not interact with ATP. These re- 
sults strongly indicate that the TOPOVIBL subunit is not 
sensitive to ATP and that the activity of the mammalian 

TOPOVIL complex does not depend on TOPOVIBL subunit 
dimerization, although we cannot formally exclude an alter- 
native dimerization mode. One consequence of this observa- 
tion is that SPO11 dimerization and its DSB formation ac- 
tivity could be independent of TOPOVIBL dimerization. One 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
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Figure 5. T OPO VIBL �C25 interactions with DNA partially depends on the W OC motif . ( A ) AlphaFold2 predicted str uct ure of the mouse T OPO VIB �C25 
and crystal str uct ure of the TopoVIB subunit of M. mazei TopoVI (PDB ID 2Q2E). DNA positioning is proposed. Residues mutated in the WOC motifs are 
highlighted in red. ( B ) Circular dichroism spectra of the secondary str uct ure analysis of T OPO VIBL �C25 (red) and T OPO VIBL �C25 K281EK282E mutant 
protein (black). ( C ) Anisotropy experiment assessing the binding of an ATTO-647-labeled dsDNA (2B39) to TOPOVIBL �C25 K281EK282E and 
T OPO VIBL �C25. ( D ) Anisotropy experiment assessing the binding of an ATTO-647-labeled dsDNA and ssDNA (2B39) to TOPOVIBL �C194. 
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ossible model is that the TOPOVIBL subunit interaction
ith partners, such as REC114 / MEI4, induces its motion and

avors SPO11 dimerization and DSB formation (Figure 6 ).
nterestingly, A. thaliana MTOPVIB, similarly to the mouse
OPOVIBL, does not bind ATP but, conversely, is purified
s a homodimer ( 29 ). In this organism, two meiotic SPO11
ariants (SPO11-1 and SPO11-2) are present, their dimeriza-
ion is essential for DSB formation and depends on MTOPVIB
 3 ). Furthermore, in Arabidopsis , PHS1 (AtREC114) is not
equired for DSB formation ( 46 ). Altogether, these results
upport the hypothesis of a different mode of action in
lant compare to mammals, in which AtSPO11 dimeriza-
ion relies on MTOPVIB homodimer formation, indepen-
ently of AtREC114. These observations highlight the species-
pecific differences in the regulation of meiotic DSB formation
ctivity. 

 OPO VIBL �C25 interacts with DNA, with 

opological preferences 

e propose that the interaction of the TOPOVIBL subunit
ith DNA that we reported is required for the TOPOVIL
SB meiotic activity. In Archaea, TopoVI preferentially in-

eracts with DNA crossings and bends of supercoiled DNA,
which stimulates TopoVIB dimerization and DNA cleavage
( 15 ). Moreover, the A. thaliana protein MTOPVIB as well
as the yeast Spo11 core complex also interacts with DNA,
highlighting the conservation of this interaction and its im-
portance in the regulation of the TOPOVIL meiotic activity
( 20 , 29 ). T OPOVIBL �C25 interacts with linear dsDNA, par-
ticularly of 39 bp in length. In our experimental conditions,
TOPOVIBL �C25 interacts better with smaller linear DNA
than its archaeal counterpart (60 bp in Archaea) ( 15 ). The
fact that DNA might interact concomitantly with the B and A
subunits could explain this discrepancy. 

Moreover, we showed that small changes in the DNA shape
of the ds2B39 ( e.g. overhangs, Y or bubble structures) do
not impact the affinity of TOPOVIBL �C25, but the pro-
tein displays a better affinity for linear ssDNA, gapped DNA
and supercoiled DNA, compared to linear dsDNA. This sug-
gests that the TOPOVIBL subunit senses different topolog-
ical statuses. As we did not detect sequence-specificity for
the TOPOVIBL �C25-DNA interaction, we might hypoth-
esize that the DNA geometry contributes to the substrate
choice. DSB formation at meiosis onset occurs in particular
accessible chromatin regions where DNA conformation may
have specific features. Recent studies in yeast showed that
DSB formation overlaps with specific topological regions of
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Figure 6. Model for T OPO VIL mode of action. (1) The T OPO VIBL-SPO11 complex interacts with DNA, preferentially with supercoiled, gapped DNA or 
ssDNA. (2) T OPO VIBL-SPO11 complex dimerizes through SPO1 1-SPO1 1 interactions, forming a hetero-tetramer. DNA topology or interaction with 
additional partners (e.g. REC114 / MEI4 (2:1) complex) can mediate the hetero-tetramer formation. (3) SPO11 dimerization is compatible with the 
formation of DSB. (4) DSB formation leads to the destabilization of the SPO11 interface, and to T OPO VIBL conformational changes that release the 
REC114 / MEI4 complex and to the formation of irreversible DNA DSBs. 
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the genome, and in particular with regions bound by topoi-
somerases ( 28 , 45 , 47 ). In particular, it was proposed that the
Spo11 complex catalyzed DSBs in sequences that include a
26-nt long pseudopalindromic motif, centered on 10 bases
that matches the p53 response element consensus which in-
duced DNA bending ( 40 , 41 , 45 ). In our assay, the inclusion of
the p53 DNA motif in the dsDNA oligonucleotides sequence
does not impact on the measured affinity. However, we can-
not exclude the possibility that (i) additional genomic determi-
nants are required to stimulate the interaction, (ii) interaction
with all the subunits of the core complex is needed, as high-
lighted by the recent cryo-EM data ( 20 ) and (iii) a different
regulation in yeast compare to mouse. Nevertheless, these re-
cent works suggest a recognition of specific chromosomal fea-
tures, such as negative supercoils and DNA crossings. Thus,
in line with this observation, we propose that the TOPOVIBL
subunit plays a role in sensing specific topological status. The
DNA topological status might also influence TOPOVIL ac-
tivity by triggering TOPOVIBL motion that could favor the
formation of an active TOPOVIBL-SPO11 hetero-tetramer
in vivo . 

In Archaea, three DNA interacting TopoVIB domains were
identified ( 15 ), but only the WOC motif (or Stalk / WKxY)
is conserved in the mouse protein ( 6 ,7 ). We found a par-
tial contribution of the T OPOVIBL W OC motif to the
TOPOVIBL �C25-DNA interaction. Different non-exclusive
hypotheses might account for this difference. First, the
double mutation introduced in the WOC domain of
TOPOVIBL �C25 (two lysine residues replaced by glutamic
acid residues) had no detectable impact on the protein struc- 
ture (Figure 5 B and Supplementary Figure S6 ). In Archaea,
the generated mutants targeted a tryptophan, a lysine and a 
tyrosine residue within the WOC motif that presumably af- 
fect more strongly the protein structure and the DNA binding 
affinity ( 15 ). This might partly explain why the archaeal mu- 
tant has a clearer effect. Second, the mild contribution of the 
WOC motif in the interaction with DNA indicates that addi- 
tional parts of the protein, not conserved in archaea, are im- 
plicated in the interaction with DNA, suggesting an evolution 

of the regulatory role of the TOPOVIBL-DNA interaction in 

the regulation of the meiotic enzyme activity . Importantly , the 
complete loss of interaction of the TOPOVIBL �C194 con- 
structs that we report supports this hypothesis. In yeast, an 

interaction between the Rec102 subunit of the DSB core com- 
plex (equivalent to the transducer region of TOPOVIBL) and 

DNA was reported ( 20 ,24 ). The Rec102 interacting region re- 
vealed by cryo-EM does not include the conserved tryptophan 

residue of the WOC motif identified in S. cerevisiae . But, the 
structure of the Spo11 core complex with DNA likely mimics 
a post-DSB complex, and the role of the conserved tryptophan 

in a pre-DSB complex, involving two Spo11 core complexes 
remains to be studied ( 20 ). 

Altogether, our results, in line with previous studies, high- 
light the importance of the TOPOVIBL-DNA interaction.
They also show that this interaction depends on a specific 
DNA architecture and is partly mediated by a conserved mo- 
tif and also by additional (not identified yet) regions of the 
protein or of the complex. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae587#supplementary-data
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 proposed mode of action for the T OPO VIL 

omplex 

ased on our results and previous studies, we propose the
ollowing model for TOPOVIL molecular activity (Figure 6 ).
irst, the SPO11-TOPOVIBL dimeric complex interacts with
pecific DNA structures (e.g. negative supercoiled or DNA
rossing) (Step 1, Figure 6 ). Then, the SPO11 subunit dimer-
zes. Different non-exclusive parameters might promote and
tabilize this dimerization. The DNA topological environ-
ent sensed by TOPOVIBL could be one of these parame-

ers. The MEI4 / REC114 (1:2) complex also might act as a
lamp to hold together the two SPO11 subunits ( 25–27 ,30 ).
his clamping activity could be mediated by the C-terminal
elix of TOPOVIBL that interacts with REC114 and possi-
ly by TOPOVIBL dynamic conformation revealed by our
AXS data (Step 2, Figure 6 ). In this model, the open and
ompact conformations of TOPOVIBL allowing interaction
r not with REC114, might represent an active and inac-
ive state for TOPOVIL, respectively. Accumulation of pro-
eins that create a matrix and a condensate-like environment
o favor protein-protein interactions also might favor SPO11
imerization, as proposed in alternative studies ( 25 , 27 , 28 ). As
bserved in archaea, the SPO11 dimerization could then in-
uce conformational changes of this catalytic subunit, making
t efficient for DSB formation activity (Step 3, Figure 6 ). Fi-
ally, following cleavage, SPO11 binding interfaces are desta-
ilized. These structural changes could be associated to a com-
act conformation of TOPOVIBL and to the destabilization
f MEI4 / REC114 interaction. Altogether, this leads to the re-
ease of the two ends of the DSB (Step 4, Figure 6 ). 

This study offers a first step in the in vitro characteriza-
ion of TOPOVIBL molecular function and helps to under-
tand how it regulates meiotic DSB formation activity in mam-
als. This study also paves the way to additional in vitro

haracterization studies particularly of the full TOPOVIL
omplex (TOPOVIBL and SPO11), with accessory factors
MEI4 / REC114), to fully characterize how it is regulated by
OPOVIBL. 
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