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Characterization of the REC114-MEI4-IHO1
complex regulating meiotic DNA double-strand
break formation
Hamida Laroussi1, Ariadna B Juarez-Martinez1 , Aline Le Roy1, Elisabetta Boeri Erba1 ,

Frank Gabel1 , Bernard de Massy2 & Jan Kadlec1,*

Abstract

Meiotic recombination is initiated by the formation of DNA
double-strand breaks (DSBs), essential for fertility and genetic
diversity. In the mouse, DSBs are formed by the catalytic TOPOVIL
complex consisting of SPO11 and TOPOVIBL. To preserve genome
integrity, the activity of the TOPOVIL complex is finely controlled
by several meiotic factors including REC114, MEI4, and IHO1, but
the underlying mechanism is poorly understood. Here, we report
that mouse REC114 forms homodimers, that it associates with
MEI4 as a 2:1 heterotrimer that further dimerizes, and that IHO1
forms coiled-coil-based tetramers. Using AlphaFold2 modeling
combined with biochemical characterization, we uncovered the
molecular details of these assemblies. Finally, we show that IHO1
directly interacts with the PH domain of REC114 by recognizing
the same surface as TOPOVIBL and another meiotic factor
ANKRD31. These results provide strong evidence for the existence
of a ternary IHO1-REC114-MEI4 complex and suggest that REC114
could act as a potential regulatory platform mediating mutually
exclusive interactions with several partners.
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Introduction

At the onset of prophase of the first meiotic division, a unique pro-

gram of DNA double-strand break (DSB) formation takes place (de

Massy, 2013; Lam & Keeney, 2015). Ten to a hundred DSBs in each

meiotic cell are formed at preferred DNA sites, named hotspots

(Tock & Henderson, 2018). The DSBs are repaired by homologous

recombination generating connections between paternal and mater-

nal chromosomes that are essential for proper chromosome segrega-

tion at the first meiotic division (Baudat et al, 2013; Hunter, 2015).

The meiotic DSB formation is evolutionary conserved and has to be

carefully controlled to preserve the genome integrity.

The key player in the meiotic DSB formation is the catalytic com-

plex TOPOVIL, in the mouse consisting of SPO11 and TOPOVIBL

(Baudat et al, 2000; Romanienko & Camerini-Otero, 2000; Robert

et al, 2016) The TOPOVIL complex is overall related to the archaeal

TopoVI type IIB topoisomerases (Brinkmeier et al, 2022), but the

mouse TOPOVIBL subunit differs from TopoVIB; in particular, it

lacks its ATP-biding and dimerization sites (Nore et al, 2022). The

activity of the catalytic complex is regulated by several meiotic fac-

tors. In the mouse, these include REC114, MEI4, IHO1, and MEI1

that are essential for DSB formation and localize as foci on chromo-

some axes at meiotic prophase onset (Reinholdt & Schimenti, 2005;

Kumar et al, 2010, 2015, 2018; Stanzione et al, 2016; Acquaviva

et al, 2020; Dereli et al, 2021).

REC114 consists of 259 amino acid residues. In its N terminus, it

possesses a Pleckstrin homology (PH) domain whose crystal struc-

ture was determined (Kumar et al, 2018; Boekhout et al, 2019; Nore

et al, 2022). The C-terminal part of REC114 directly interacts with

the N terminus of MEI4 (Kumar et al, 2018). REC114 also interacts

in yeast two-hybrid assay (Y2H) with IHO1 (Stanzione et al, 2016).

These interactions may predict a tripartite REC114-MEI4-IHO1 com-

plex but it has not been identified yet. Since IHO1 also binds the

unsynapsed chromosomal axis protein HORMAD1 (Stanzione

et al, 2016), it has been hypothesized that a putative REC114-MEI4-

IHO1 complex called pre-DSB recombinosome might assemble along

the HORMAD1-containing chromosomal axis and regulate the

TOPOVIL complex activity (Stanzione et al, 2016). Along these

lines, the PH domain of REC114 was recently shown to directly

interact with the C-terminal peptide of TOPOVIBL (Nore

et al, 2022). Structure-based mutations that disrupt this interaction

strongly reduce the DSB activity genome-wide in oocytes, while only

in subtelomeric regions in spermatocytes (Nore et al, 2022). The PH

domain of REC114 also interacts with a C-terminal fragment of
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another meiotic factor ANKRD31 (Boekhout et al, 2019) which is

involved in regulating DSB number and localization, and this inter-

action is mutually exclusive with that of TOPOVIBL (Papanikos

et al, 2019; Nore et al, 2022). The exact role and the interplay of

these factors in DSB formation still remain unclear.

In S. cerevisiae, the proteins and mechanism involved in DSB for-

mation have been analyzed at the genetic and biochemical level

(Yadav & Claeys Bouuaert, 2021). The TOPOVIBL subunit of the cat-

alytic complex exists in yeast as Rec102/Rec104 dimer (Jiao

et al, 2003; Arora et al, 2004; Claeys Bouuaert et al, 2021b). The S.

cerevisiae core complex consists of Spo11, Rec102, Rec104, and an

additional protein Ski8 (Claeys Bouuaert et al, 2021b). The acces-

sory proteins Rec114–Mei4 and Mer2 (IHO1 ortholog) form two sep-

arate complexes in vitro with 2:1 and tetrameric stoichiometry,

respectively (Rousova et al, 2021; Claeys Bouuaert et al, 2021a).

The two complexes bind DNA with high cooperativity and assemble

into condensates that might recruit the catalytic complex to DNA

through an Y2H-observed interaction of Rec114 with Rec102/

Rec104 (Arora et al, 2004; Maleki et al, 2007; Claeys Bouuaert

et al, 2021a). Since the PH domain surface interacting with TOPO-

VIBL in mouse is not conserved in yeast, the molecular details of

this interaction might differ from the mouse REC114-TOPOVIBL

interaction (Nore et al, 2022). While counterparts of most mamma-

lian meiotic factors exist in yeast, their sequence conservation is

often very low, indicating possible differences in the molecular

details underlying their activities.

Here, using biochemical and biophysical analyses combined with

AlphaFold2 modeling, we uncovered molecular details of the interac-

tion between mouse REC114 and MEI4, where two molecules of

REC114 interact with their C termini with the N-terminal helix of MEI4

forming 2:1 and 4:2 assemblies. We also show that an equivalent

REC114 homodimeric complex is formed even in the absence of MEI4.

In addition, we found that IHO1 forms coiled-coil-based tetramers and

interacts specifically via its N terminus with the PH domain of REC114,

in a way that is incompatible with REC114 binding to ANKRD31 and

TOPOVIBL. Together, these results provide strong evidence for the

existence of a complex between mouse IHO1 and REC114-MEI4, with

a possible stoichiometry of 4IHO1:4REC114:2MEI4.

Results

Characterization of the REC114-MEI4 complex

REC114 interacts directly with MEI4 in pull-down experiments, and

residues 203–254 of REC114 and 1–127 of MEI4 are sufficient for the

interaction (Kumar et al, 2018; Fig 1A). Using Strep-tag pull-down

assays, with co-expressed proteins, we could show that Strep-

REC114 further truncated to residues 226–254 can still bind MEI4

(Fig 1B, lane 2). Similarly, MEI4 encompassing only the N-terminal

43 residues was sufficient for the interaction with co-expressed His-

MBP-REC114 in an MBP pull-down assay (Fig 1C, lane 3).

To assess the stoichiometry of the complex between full-length

Strep-REC114 and MEI41–127 we first used multiangle laser light scat-

tering (MALLS). The complex elutes in two major peaks (surrounded

by wide peak shoulders), with measured molecular weight of 73 and

138.2 kDa, respectively (Fig 1D). The measured value of the second

peak corresponds to the theoretical molecular mass of 2:1 (73.4 kDa)

stoichiometry of the REC114-MEI4 complex. The first peak might

represent 4:2 stoichiometry (146.8 kDa), but the observed molecular

weight of this peak is decreasing as it might be a mixture of different

oligomeric states. To obtain additional insight into the REC114-MEI4

complex architecture, we performed native mass spectrometry (MS).

The analyzed sample was a pool of the fractions of both main peaks

from the gel filtration. In agreement with the MALLS results, we

could detect complexes containing Strep-REC114 and MEI41–127 in

ratios 2:1 and 4:2. In addition, the MS data indicate the presence of

free Strep-REC114 and 1:1 Strep-REC114-MEI41–127 complex (Fig 1E).

Finally, we analyzed the minimal REC114226–254-MEI41–43 complex

by analytical ultracentrifugation (AUC). The analysis confirmed the

existence of predominant 2REC114-1MEI4 and 4REC114-2MEI4 com-

plexes (Fig 1F; Appendix Fig S1A). Measurements at different protein

concentrations are consistent with a concentration-dependent dimer-

ization of the 2REC114-1MEI4 heterotrimers, with fast exchange

between the two states (Fig 1F). We also noticed that the exchange

between the two states was slower at low pH and high salt concen-

trating. In this condition, the two oligomeric states (2:1 and 4:2)

could be detected with higher precision, as the exchange rate

▸Figure 1. REC114-MEI4 complex stoichiometry characterization.

A Schematic representation of the domain structure of mouse REC114 (in blue) and MEI4 (in red ) and the constructs used in this study. PH, Pleckstrin homology
domain; MEI4, MEI4 binding region.

B SDS–PAGE analysis of the binding of Strep-tagged REC114 variants (using a single Strep-tag [WSHPQFEK]) to co-expressed His-MEI41–127 after purification on Strep-
Tactin resin.

C SDS–PAGE analysis of the binding of His-MBP-REC114226–254 to co-expressed His-MEI4 variants after purification on Amylose resin.
D Molecular mass determination of the complex between the full-length Strep-REC114 and MEI41–127 by MALLS using Superdex 200 column. The calculated molecular

weight of Strep-REC114 is 29.5 kDa and of MEI4 is 14.5 kDa. The measured molecular mass of the two main peaks is 138.2 and 73 kDa corresponding to a REC114:
MEI4 ratios 2:1 (73.4 kDa) and 4:2 (146.8 kDa), respectively. The injected sample was at 5 mg/ml.

E Native MS spectrum of co-purified Strep-REC114 and MEI41–127. The main complexes are Strep-REC114:MEI41–127 in ratios 2:1 and 4:2. There are also free Strep-
REC114 and 1:1 Strep-REC114-MEI4 complex.

F Sedimentation velocity profiles of the REC114226–254-MEI41–43 complex obtained at 280 nm at three concentrations (0.2, 1, and 4.5 mg/ml) in a solution containing
20 mM Tris pH 8.0 and 200 mM NaCl. Expected sedimentation coefficient for the 2:1 complex is 1.13S and for 4:2 is 1.58S. The sedimentation coefficient of the main
peak increases with increasing protein concentration: s = 1.2S at 0.2 mg/ml, s = 1.44S at 1 mg/ml, and s = 1.64S at 4 mg/ml. These results suggest a fast exchange
between the two forms.

G Sedimentation velocity profiles of the REC114226–254-MEI41–43 complex obtained at 280 nm at three concentrations (0.2, 1, and 4.5 mg/ml) in a solution containing
Sodium Acetate pH 4.5 and 500 mM NaCl. Expected sedimentation coefficient for the 2:1 complex is 1.13S and for the 4:2 complex is 1.58S. The sedimentation coeffi-
cient of the main peak is s = 1.13S at 0.2 mg/ml and s = 1.58S at 4 mg/ml. At 1 mg/ml, both forms of REC114226–254-MEI41–43 are present. At pH 4.5, a slow exchange
between the two forms is observed.

Source data are available online for this figure.
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between them was slower (Fig 1G). Together, these results show that

REC114 and MEI4 form predominantly a complex with a 2:1 stoichi-

ometry that can further dimerize to 4:2 in response to increasing pro-

tein concentration.

REC114 forms homodimers via its C terminus

Since MEI41–43 interacts with two REC114226–254 molecules, we

wanted to test whether the C terminus of REC114 can dimerize also

in the absence of MEI4. MALLS analysis revealed that indeed His-

MBP-REC114226–254 with theoretical molecular mass of 48 kDa

forms probable dimers (measured molecular weight of 86 kDa) in

solution (Fig 2A). This was confirmed by native MS. We analyzed

the sample from the main gel filtration peak. MS data showed a

clear dimer of His-MBP-REC114226–254 (Fig 2B).

A high accuracy predicted AlphaFold2 model of REC114 is avail-

able in the EBI AlphaFold2 database (https://alphafold.ebi.ac.uk/)

under the AF-Q9CWH4 accession number. Consistent with previous

Figure 1.

� 2023 The Authors The EMBO Journal e113866 | 2023 3 of 17

Hamida Laroussi et al The EMBO Journal

 14602075, 0, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

bj.2023113866 by Portail B
ibC

N
R

S IN
SB

, W
iley O

nline L
ibrary on [25/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://alphafold.ebi.ac.uk/


experimental structures, REC114 is predicted to contain the PH

domain in its N terminus connected by a flexible linker to a short heli-

cal segment in its C terminus that interacts with MEI4 (Fig EV1A–C;

Kumar et al, 2018). AlphaFold2 (Jumper et al, 2021) predicts a dimer

of the REC114 C terminus with high confidence (Figs 2C–F and EV1D–

F). The predicted dimerization region corresponds to residues 224–

255. The two C-terminal helices a3 and a4 of REC114 molecules form

an antiparallel square-like structure. The contacts between the two

REC114 protomers are located at the ends of both helices. In particu-

lar, the conserved L227 and L231 of a3 of one protomer are predicted

to interact with area around I254 on a4 of the other protomer (Fig 2E

and F). A language model-based ESMfold (Lin et al, 2023), which does

not rely on multiple-sequence alignments, predicts an essentially iden-

tical model (Fig EV1G and H).

Figure 2.
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In order to validate this model, we mutated residues I254 and

L227, respectively, to aspartates and analyzed their oligomeric state

by MALLS. To accommodate potential extra contacts between the

protomers predicted with low confidence, the construct was slightly

extended to residues 222–256. Since His-tags can sometimes medi-

ate formation of oligomers through coordination of metal ions

(Ayoub et al, 2023), we showed by MALLS that the sample treated

with 5 mM EDTA has an essentially identical MALLS profile

(Appendix Fig S1B). While the L227D eluted as a mixture of mono-

mers and dimers, the I254D mutant was mostly monomeric

(Fig 2G). Mutations F240E, V244E, and V247E did not have any

impact on the dimerization of His-MBP-REC114222–256 (Fig 2H)

being consistent with the AlphaFold2 model, according to which

these residues do not play an important role in REC114 dimeriza-

tion. In summary, these results show that the REC114 C terminus is

able to mediate REC114 homodimerization in the absence of MEI4.

But given the rather modest dimeric interface (Fig 2C–F), it is likely

that MEI4 binding stabilizes this complex.

REC114-MEI4 complex structure prediction

We then attempted to determine the structure of the REC114-MEI4

minimal complex, but crystallization, NMR, and SAXS analysis

failed, likely due to the fast exchange between the different oligo-

meric states of the complex (Appendix Fig S2A–C). A high-

confidence AlphaFold2 model of MEI4 is available in EBI Alpha-

Fold2 database (AF-Q8BRM6) that predicts MEI4 to contain a helical

N-terminal segment (binding to REC114) connected flexibly to a

larger helical domain (Fig EV2A–C). It should be noted that in our

hands, MEI4 constructs covering this helical domain could not be

produced soluble in bacteria nor insect cells. AlphaFold2 predicts a

very convincing model of the REC114-MEI4 2:1 heterotrimer

(Figs 3A–C and EV2D–F) that includes contacts between the seg-

ments that we biochemically defined as minimal interacting regions

(Fig 1B and C). In addition, a very similar model, albeit with low

confidence, was also predicted by ESMfold (Fig EV2G and H). The

structure prediction of the complex of full-length proteins did not

show other contacts between the proteins (Fig EV2I). Finally, pre-

dictions of the 4:2 REC114-MEI4 complex by AlphaFold2 did not

reveal other convincing interactions (Fig EV2J and K).

In the AlphaFold2 predicted 2:1 model, the C-terminal helices a3
and a4 of two REC114 molecules wrap around the helix a1 of MEI4

(Fig 3A–C). One of the REC114 protomers makes additional contact

also with the MEI4 helix a2 (Figs 3A–C and EV2L). Most of the

predicted contacts are mediated by hydrophobic residues. On MEI4

a1, the interacting residues include a repetitive sequence 13-LALA-

LAII-20 that form multiple contacts with REC114 F230, L231, F240,

F243, V244, and V247 (Fig 3C). While L13, A14, L17, and A18 inter-

act with one REC114 protomer, L15, A16, I19, and I20 bind the

other one (Fig 3C). Within MEI4 helix a2, T33, L36, A37, and V40

pack against hydrophobic residues of one of the REC114 protomers,

including L235, F240, and V244 (Fig EV2L). Most residues predicted

to interact are highly conserved in both proteins across vertebrates

(Fig 3D). Despite sequence divergence, equivalent models can also

◀ Figure 2. Characterization of the REC114 dimerization domain.

A Molecular mass determination of His-MBP-REC114226–254 by MALLS using Superdex 200 column. The calculated molecular weight of His-MBP-REC114226–254 is
48 kDa. The measured molecular mass of the main peak is 86 kDa, which corresponds to dimeric His-MBP-REC114226–254 of 96 kDa. The injected sample was at
3 mg/ml.

B Native MS spectrum of His-MBP-REC114226–254. This protein is a dimer.
C, D AlphaFold2 model of the REC114 dimer including its C terminus (residues 222–257). The secondary structures are labeled. The modeled complex structure colored

according to the AlphaFold2 per-residue estimate of confidence (pLDDT), and predicted aligned error plots are shown in Fig EV1D–F.
E, F Details of the predicted interactions between the two REC114 molecules formed by the extremities of the two helices.
G Comparison of molecular mass between WT and mutated versions of His-MBP-REC114222–256 by MALLS. L227D elutes partially as a monomer and I254D elutes

mostly as a monomer. The injected samples were at 3 mg/ml.
H Comparison of molecular mass between WT and mutated versions of His-MBP-REC114222–256 by MALLS. All three tested REC114 mutants remain dimeric. The

injected samples were at 3 mg/ml.

Source data are available online for this figure.

▸Figure 3. REC114-MEI4 complex structure prediction.

A, B AlphaFold2 model of the REC114-MEI4 complex structure in 2:1 stoichiometry, including the REC114 C terminus (residues 221–259) and the MEI4 N terminus (resi-
dues 1–50). The secondary structures are labeled. The modeled complex structure colored according to the AlphaFold2 per-residue estimate of confidence (pLDDT),
and the predicted aligned error plots are shown in Fig EV2D–F.

C Details of the predicted interactions between REC114 and MEI4. A sequence of hydrophobic residues of the MEI4 helix a1 is interacting with hydrophobic surfaces
of the two molecules of REC114 wrapping around it.

D Sequence alignments of the interacting regions of REC114 and MEI4. Identical residues are in brown boxes. The residues involved in the interaction are shown as
blue squares.

E Pull-down experiments of full-length Strep-tagged REC114 mutants indicated above the lanes with His-MBP-MEI41–43. All proteins were first purified by affinity
chromatography and gel filtration. A total of 0.9% of the input (lanes 1–6) and 1% of the eluates (lanes 7–12) were analyzed on 15% SDS–PAGE gels stained with
Coomassie brilliant blue. Control lanes 1–2 and 7–8 show inputs and elutions of REC114 and MEI4 alone, respectively. The MEI4 sample contains also free MBP tag.
The REC114 sample also contains a degradation product, likely corresponding to its PH domain.

F Pull-down experiments of Strep-tagged REC114 with His-MBP-MEI41–43 mutants indicated above the lanes. All proteins were first purified by affinity chromatogra-
phy and gel filtration. A total of 0.9% of the input (lanes 1–4) and 1% of the eluates (lanes 5–8) were analyzed on 15% SDS–PAGE gels stained with Coomassie bril-
liant blue. The MEI4 sample contains also free MBP tag. The REC114 sample also contains a degradation product, likely corresponding to its PH domain.

Source data are available online for this figure.
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be predicted for other species, such as A. thaliana, S. cerevisiae, and

S. pombe (Appendix Fig S3). To confirm that the residues predicted

to mediate the interaction between REC114 and MEI4 are correct,

we mutated REC114 residues F240, V244, and V247, respectively, to

glutamates. In pull-down assays with the Strep-tagged full-length

REC114, all three mutations F240E, V244E, and V247E led to unde-

tectable interaction with His-MBP-MEI41–43 (Fig 3E, lanes 10–12).

When MEI4 a1 residues predicted as key for binding of REC114

were mutated and tested in pull-down assays with the Strep-tagged

full-length REC114, the A16E mutation completely abolished the

binding (Fig 3F, lane 8). A significantly reduced binding was

observed for L15E and a double mutant L13E, A14E (Fig 3F, lanes

6–7). The mutations introduced into REC114 did not significantly

alter the structure of these proteins as judged by gel filtration analy-

sis (Appendix Fig S4A and B). His-MBP-MEI41–43 tends to aggregate

in the absence of REC114, but only monomeric fractions of the WT

and mutant versions were used for the pull-down experiment

(Appendix Fig S4C–G). These mutagenesis results are in agreement

with the AlphaFold2 prediction of the REC114-MEI4 complex

structure.

IHO1 tetramerizes via a parallel four-stranded coiled-coil

Mouse IHO1 is predicted to be largely disordered, except for its cen-

tral region (110–240) predicted to be helical and possess a coiled-

coil domain (Fig 4A). We were not able to efficiently overexpress

Figure 3.
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Figure 4.
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the full-length IHO1, but could express it in two fragments as His-

MBP fusions: IHO11–281 and IHO1281–574 (Fig 4A). When IHO11–281

was analyzed by MALLS, a likely tetrameric stoichiometry was

observed (measured 120 kDa, calculated 126 kDa for a tetramer;

Fig 4B). While the central region of IHO1 spanning residues 125–

281 retained its tetrameric form (measured 67 kDa, calculated

71 kDa for a tetramer), His-MBP-IHO11–113 was monomeric (Fig 4B;

Appendix Fig S5A). Finally, even the short fragment covering the C-

terminal part of the IHO1 helical domain (residues 196–245) still

forms a stable tetramer (measured 24 kDa, calculated 23 kDa for a

tetramer; Fig 4B). The IHO1 AlphaFold2 model is available in the

EBI AlphaFold2 database (https://alphafold.ebi.ac.uk/) under the -

AF-Q6PDM4 accession number and confirms the presence of the

long helix between residues 114 and 245 within otherwise disor-

dered protein (Fig EV3A and B). When a tetrameric stoichiometry is

modeled, AlphaFold2 predicts with high confidence an IHO1 tetra-

mer, based on a parallel four-stranded coiled-coil between residues

130 and 245 (Figs 4C and EV3C). After residue 245, the prediction is

less convincing. The language model-based ESMfold also predicts

an equivalent IHO1 homotetramer, albeit with lower confidence

(Fig EV3D and E). The sequence corresponding to the coiled-coil

region is better conserved than the surrounding parts of IHO1

(Fig 4D). Similar tetrameric models can also be modeled for IHO1

orthologs in other species, such as A. thaliana, S. pombe, and

Sordaria macrospora (Appendix Fig S5B–D). The model of S. cerevi-

siae Mer2 is predicted with lower confidence (Appendix Fig S5E).

While the N-terminal section of the coiled-coil contains a few irregu-

larities in the heptad repeats, the a and d positions (the 1st and 4th

positions in heptad repeats) are regularly spaced in the C-terminal

part (residues 180–245; Fig 4D) being consistent with our MALLS

results (Fig 4B).

Yeast Mer2 has already been reported to form homotetramers

(Rousova et al, 2021; Claeys Bouuaert et al, 2021a). However, the

tetrameric coiled-coil was proposed to have an antiparallel topology

(Claeys Bouuaert et al, 2021a). To clarify this contradiction with the

parallel topology predicted by AlphaFold2 and ESMfold, we used

two following experiments. First, we used small-angle X-ray scatter-

ing (SAXS) to verify the overall correctness of the predicted model.

We prepared a new IHO1 construct covering the best-predicted

coiled-coil region (residues 125–261). MALLS analysis confirmed

that it formed tetramers (Fig EV3F). The predicted X-ray scattering

curve of the AlphaFold2 model fits well the experimental SAXS curve

obtained for this construct, indicating that the model is overall cor-

rect (Fig 4E). To obtain insight into the coiled-coil topology, which

cannot be deduced from this SAXS experiment, we prepared

IHO1125–261 fused by a short linker containing only five residues to

MBP and analyzed this construct by SAXS. This contruct remains tet-

rameric as judged by MALLS (Fig EV3F). We used the CORAL soft-

ware to model positions of the MBP domains flexibly linked to the

IHO1125–261 tetramer to best match the measured SAXS curve of the

complex. While the parallel topology IHO1125–261 with four MBP

domains on the same side of the coiled-coil could be modeled to fit

well the experimental curve, a good fit cannot be achieved for the

antiparallel IHO1125–261 topology where each side of the coiled-coil is

linked to two MBP domains (Fig 4F). This result thus supports the

parallel topology of the IHO1 coiled-coil. In addition, we performed

the experiment that previously indicated the antiparallel topology of

yeast Mer2 (Claeys Bouuaert et al, 2021a). We used a fusion of two

copies of IHOI110–260 separated by a 16 amino acid linker. If IHO1

formed antiparallel coiled-coils, this fusion construct should form

dimers with size similar to the IHOI110–260 tetramer. In the case of

parallel arrangement, since the linker is too short for intramolecular

parallel coiled-coil formation, the fusion construct should form tetra-

mers of twice higher molecular weight. MALLS analysis indeed

showed that while single IHOI110–260 forms tetramers of 68.4 kDa

(calculated Mw—69.6 kDa), the fusion construct formed tetramers

of 138.6 kDa, again consistent with parallel coiled-coil arrangement

(calculated Mw for tetramer—143.2 kDa; Fig EV3G). In summary,

these results support the predicted structure model, confirming that

mouse IHO1 forms homotetramers based on a parallel four-stranded

coiled-coil.

IHO1 binds to the REC114 PH domain with its conserved N
terminus

IHO1 was previously shown to interact with REC114 in Y2H (Stanzione

et al, 2016). We were thus interested in testing whether IHO1 can

directly bind the REC114-MEI41–127 in vitro. Interestingly, when the

purified REC114-MEI41–127 complex and His-MBP-IHO11–281 were

mixed and injected onto a Superose 6 gel filtration column, the three

proteins co-eluted in separate peak, compared with His-MBP-IHO11–281

and REC114-MEI41–127 alone (Figs 5A and B, and EV4A–D). Similarly,

the three proteins co-elute together, when IHO11–281 was fused to a

His-Sumo tag (Appendix Fig S6). No complex formation was observed

using IHO1281–574. Using Y2H, it has been shown that the N-terminal

region of the Sordaria macrospora IHO1 ortholog Asy2 (residues 1–

156) is sufficient for REC114 binding (Tess�e et al, 2017). Since this

region bears a short motif with a distant similarity to the extreme N

◀ Figure 4. IHO1 forms tetramers.

A Schematic representation of the domain structure of mouse IHO1 and its constructs used in this study.
B Molecular mass determination of IHO11–281, IHO1125–281, and IHO1196–245 by MALLS using Superose 6 column. The measured molecular mass of the main peak of each

construct is 120, 67, and 24 kDa, respectively. These values correspond to calculated molecular weights of IHO1 tetramers (125, 72, and 24 kDa, respectively). The
samples were injected at 5–10 mg/ml.

C AlphaFold2 model of tetrameric IHO1111–280 colored according to the AlphaFold2 per-residue estimate of confidence (pLDDT). Only residues 111–264 are shown. The
predicted aligned error plot for this model is shown in Fig EV3C.

D Sequence alignments of the helical region of IHO1 (residues 130–260). Identical residues are in brown boxes. (A) and (D) positions of the heptad repeats are shown.
E Comparison of experimental SAXS curve of IHO1125–261 construct at 1.0 mg/ml and the CRYSOL fit of the parallel atomic model (green line).
F Comparison of CORAL fits of a parallel (green line) and antiparallel (red line) MBP-IHO1 models against experimental SAXS data (1 mg/ml). The comparison and v-

values show that the parallel model is in very good agreement with the data, while the antiparallel model cannot fit them within the conformational space allowed
by the linkers. A slight mismatch of the predicted curve of the parallel model with the experimental data in the q-range between 1 and 2 nm�1 can most likely be
attributed to the fact that a single model was fitted, while the flexible linker allows for multiple conformations.

Source data are available online for this figure.
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Figure 5. IHO1 forms a complex with REC114-MEI4.

A Superose 6 gel filtration elution profile of His-MBP-IHO11–281 mixed with Strep-REC114-His-MEI41–127. Overlay with individual elution profiles of His-MBP-IHO11–281

and the Strep-REC114-His-MEI41–127 complex and the corresponding SDS–PAGE analysis of the elution fractions are shown in Fig EV4.
B SDS–PAGE analysis of fraction 1–13 of the Superose 6 gel filtration elution profile shown in (A). L indicates input sample loaded onto the column.
C Superose 6 gel filtration elution profile of His-MBP-IHO124–281 mixed with Strep-REC114-His-MEI41–127, showing a lack of binding. Overlay with individual elution pro-

files of His-MBP-IHO124–281 and the Strep-REC114-His-MEI41–127 complex and the corresponding SDS–PAGE analysis of the elution fractions are shown in Appendix
Fig S7.

D SDS–PAGE analysis of fraction 1–13 of the Superose 6 gel filtration elution profile shown in (C). L indicates input sample loaded onto the column.
E ITC measurement of the interaction affinity between His-MBP-IHO11–281 and Strep-REC114-His-MEI41–127.
F ITC measurement of the interaction affinity between His-MBP-IHO124–281 and Strep-REC114-His-MEI41–127

G ITC measurement of the interaction affinity between His-MBP-IHO11–23 and Strep-REC114-His-MEI41–127.

Source data are available online for this figure.
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terminus of mouse IHO1, we were interested in testing whether this

motif is required for the interaction with REC114 in the mouse. Indeed,

when the first conserved 23 residues were deleted from IHO11–281, it

could no longer interact with the REC114-MEI41–127 complex (Fig 5C

and D; Appendix Fig S7). In agreement with these results, using iso-

thermal titration calorimetry (ITC), we show that His-MBP-IHO11–281

interacts with the REC114-MEI41–127 complex with a dissociation con-

stant (Kd) of 26.9 lM (Fig 5E), while no binding is observed for His-

MBP-IHO124–281 lacking the first 23 amino acids (Fig 5F). In addition,

we could show that the first 23 residues are sufficient for the interac-

tion, as His-MBP-IHO11–23 interacts with the REC114-MEI41–127 com-

plex with Kd of 31.9 lM, being equivalent to the one of His-MBP-

IHO11–281 (Fig 5G). Finally, ITC measurements revealed that neither

the REC114 C terminus nor MEI41–127 is required for the complex for-

mation, since the REC114 PH domain (residues 1–159) binds His-MBP-

IHO11–23 with Kd of 30.4 lM (Fig 6A). These results provide evidence

that IHO1 and REC114-MEI4 form a ternary complex, that mouse

REC114 and IHO1 directly interact in vitro, and that the REC114 PH

domain and the first 23 residues of IHO1 are the required regions for

this interaction (Fig 6B).

IHO1, ANKRD31, and TOPOVIBL bind to the same REC114 surface

The REC114-binding region of IHO1 is very well conserved among

mammals (Fig 6C), and some sequence similarities have been

reported across species up to S. cerevisiae (Tess�e et al, 2017). The

PH domain has previously been shown to interact via its b-sheet
formed of strands b1, b2, and b6-b8 in a mutually exclusive way

with hydrophobic and aromatic residues of short motifs of TOPO-

VIBL (Nore et al, 2022) and ANKRD31 (Boekhout et al, 2019). A

mutation of L104 on its b-strand b7 abolished the binding to both

ANKRD31 (Boekhout et al, 2019) and to TOPOVIBL (Nore

et al, 2022). We could show by ITC that the L104D mutation pre-

vents also the interaction between REC114 and IHO1, suggesting

that IHO1 uses this b-sheet surface for the interaction with REC114

too (Fig 6D). The L104D mutation does not impact the REC114 PH

domain structure (Nore et al, 2022). AlphaFold2 models the possible

structure of the complex between the REC114 PH domain and the

IHO11–30 peptide with a low confidence (Figs 6E and EV5A and B).

However, the predicted aligned error plot shows certain degree of

confidence about the mutual positions of the two proteins

(Fig EV5B). Since in this model the IHO1 peptide is predicted to

interact with L104 that is indeed required for the interaction, we

also mutated F3 of IHO1, predicted to insert into the cavity that can

also accommodate W562 of TOPOVIBL (Nore et al, 2022) and

W1842 of ANKRD31 (Boekhout et al, 2019), both essential for bind-

ing to REC114. ITC measurement confirmed that the F3E mutation

in His-MBP-IHO11–23 abolished the interaction with REC114

(Fig 6F). While the AlphaFold2 model is not of sufficient quality to

be certain of positions of individual residues of IHO1, our biochemi-

cal results demonstrate that IHO1 uses an equivalent surface on

REC114 as do TOPOVIBL and ANKRD31 (Fig EV5C–E).

To further test whether IHO1 binding to REC114 is mutually

exclusive with the binding of ANKRD31, we wanted to verify

whether quaternary complexes including these proteins can be

formed on Superose 6 gel filtration. To this end, we prepared a com-

plex between Strep-REC114, His-MEI41–127 and MBP-ANKRD311808–

1857 that elutes as a distinct single peak (Fig 6G, middle panel

and Fig 6H), showing that REC114 can bind ANKRD31 and MEI4

in the same time. We then mixed MBP-IHO11–281 with this REC114-

MEI4-ANKRD31 complex. As expected, in the presence of

ANKRD311808–1857 IHO1 does not bind REC114-MEI4 anymore, and

those elute only in complex with ANKRD311808–1857 (Fig 6G, top

panel and Fig 6H). The elution profile of IHO1 in mixture with the

REC114-MEI4-ANKRD31 complex is essentially the same as when

IHO1 is injected on its own (Fig 6I; Appendix Fig S8). In the absence

of ANKRD311808–1857, IHO1 forms a complex with REC114 and

MEI4, as shown above in Fig 5A and B (Fig 6G, bottom panel and

Fig 6H). These results show that a REC114 does not interact in the

same time with IHO1 and ANKRD31. When TOPOVIBL452–579 is

mixed with the complex of Strep-REC114-His-MEI41–127, the

resulting complex elutes on Superose 6 in a large peak overlapping

with the elution volume of MBP-IHO11–281, making an equivalent

experiment with TOPOVIBL452–579 less interpretable (Appendix

Fig S9). It can, however, be noted that the His-MBP-IHO11–281 elu-

tion peak is not shifted when mixed with Strep-REC114-His-MEI41–

127 in the presence of TOPOVIBL452–579 indicating a probable lack of

complex formation (Appendix Fig S9). These results thus further

◀ Figure 6. IHO1 interacts with the PH domain of REC114.

A ITC measurement of the interaction affinity between His-MBP-IHO11–23 and Strep-REC1141–159 (PH domain).
B Schematic representation of the interacting regions of REC114 and IHO1 highlighted with red boxes.
C Sequence alignments of the N-terminal sequence of IHO1. Identical residues are in brown boxes. Only first 30 residues are shown.
D ITC measurement of the interaction affinity between His-MBP-IHO11–23 and the L104D mutant of Strep-REC1141–159.
E AlphaFold2 model of the complex between the REC114 PH domain (blue) and the N-terminal peptide of IHO1 (residues 1–15, green). Hydrophobic IHO1 residues are

predicted to interact with the REC114 b-sheet formed of strands b1 and b6–b8. The secondary structures are labeled. The modeled complex structure colored
according to the AlphaFold2 per-residue estimate of confidence (pLDDT), and predicted aligned error plot is shown in Fig EV5A and B.

F ITC measurement of the interaction affinity between the F3E mutant of His-MBP-IHO11–23 and Strep-REC1141–159.
G SDS–PAGE analysis of fractions 1–13 of Superose 6 gel filtration elution profiles of His-MBP-IHO11–281 mixed with His-MBP-ANKRD311808–1857, Strep-REC114, and His-

MEI41–127 (upper panel); mixture of His-MBP-ANKRD311808–1857 with Strep-REC114-His-MEI41–127 (middle panel) and His-MBP-IHO11–281 mixed with Strep-REC114
and His-MEI41–127 (lower panel). L indicates input sample loaded onto the column. The red frame highlights the complex of IHO1 bound to REC114 and MEI4 (lower
panel) and the lack of this complex in the presence of ANKRD31 (upper panel). Orange square shows equivalent elution of ANKRD31, REC114, and MEI4 in the pres-
ence or absence of IHO1.

H Superose 6 gel filtration elution profiles of His-MBP-IHO11–281 mixed with His-MBP-ANKRD311808–1857, Strep-REC114, and His-MEI41–127 (orange); His-MBP-
ANKRD311808–1857, Strep-REC114 and His-MEI41–127 (blue) and His-MBP-IHO11–281 mixed with Strep-REC114-His-MEI41–127 (green). Corresponding SDS–PAGE gel anal-
ysis is shown in (G).

I Superose 6 gel filtration elution profiles of His-MBP-IHO11–281 mixed with His-MBP-ANKRD311808–1857, Strep-REC114, and His-MEI41–127 (orange); His-MBP-
ANKRD311808–1857, Strep-REC114 and His-MEI41–127 (blue) and His-MBP-IHO11–281 (green). Corresponding SDS–PAGE gel analysis is shown in Appendix Fig S8.

Source data are available online for this figure.
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show that the binding of IHO1 to REC114 is incompatible with the

binging of ANKRD31 or TOPOVIBL.

Discussion

REC114, MEI4, and IHO are known to be essential for DSB forma-

tion, and based on their co-localization and Y2H assays, they were

proposed to function as a complex (Pre-DSB recombinosome),

which regulates the TOPOVIL catalytic complex activity (Kumar

et al, 2010, 2015, 2018; Stanzione et al, 2016; Dereli et al, 2021).

The interaction network and molecular architecture of such a com-

plex remain unclear.

Mouse REC114 possesses a PH domain in its N terminus that

forms mutually exclusive interactions with ANKRD31 (Boekhout

et al, 2019) and the TOPOVIBL subunit of the catalytic complex

forming DSBs (Nore et al, 2022). In addition, its C-terminal region

(residues 203–259) interacts with MEI41–127 in pull-down assays and

gel filtration (Kumar et al, 2018). Similarly, in S. cerevisiae these

two proteins interact with equivalent regions, likely with a 2:1 stoi-

chiometry (Claeys Bouuaert et al, 2021a). We could now show that,

in the mouse, the two interacting regions can be further truncated to

REC114226–254 and MEI41–43. Our attempts to structurally character-

ize this complex were not successful. In particular, different

approaches to analyze the complex by NMR indicated that the com-

plex has a molecular mass higher than expected and is subject to

fast exchange between different molecular states. Using native MS,

we confirmed this hypothesis. Indeed, REC114 and MEI41–127 form a

mixture of 2:1 and 4:2 complexes (Fig 7A). In addition, analytical

ultracentrifugation showed that even the minimal complex

REC114226–254-MEI41–43 forms 2:1 and 4:2 complex with fast

exchange at pH 8 and slower exchange at pH 4.5. AlphaFold2 pre-

dicts with high confidence the structure of the 2:1 REC114:MEI4

complex with contacts between the two short segments we

identified in vitro. Mutations of REC114 and MEI4 residues predicted

to be key for the interaction indeed abolished the binding in pull-

down assays, providing further evidence for correctness of the

model. The interacting residues are conserved in mammals and

equivalent prediction can also be made for more distantly related

species up to S. cerevisiae, where sequence conservation of the two

proteins is less obvious. Overall, even in the absence of experimen-

tal structure, these results support the 2:1 stoichiometry of the com-

plex and identified residues essential for the binding.

REC114226–254 forms homodimers as judged by MALLS and

native MS even in the absence of MEI4. Similarly, the S. cerevisiae

Rec114 forms Mei4-independent homodimers (Claeys Bouuaert

et al, 2021a). AlphaFold2 predicted structure of the REC114 dimer

corresponds to the REC114 dimer in complex with MEI4 (2:1 com-

plex), and we confirmed the residues essential for the homodimeri-

zation by mutagenesis. It is likely that the REC114 homodimers are

stabilized by MEI4. AlphaFold2 does not predict a convincing model

for the 4:2 complex, and atomic details of the dimerization of the

REC114-MEI4 heterotrimers thus remain unknown. It should be

noted that we were not able to produce MEI4 with its C-terminal

domain, which might provide further dimerization contacts. We

recently reported that REC114-MEI41–127 forms a stable complex

with TOPOVIBL452–579 (Nore et al, 2022). We hypothesize that one

of the functions of the REC114-MEI4 complex might be to contribute

to dimerization TOPOVIBL. Indeed, the AlphaFold2 model of the

mouse SPO11-TOPOVIBL complex indicates that the putative TOPO-

VIBL ATP-binding site, which is required in TOPOVIB for its ATP-

mediated dimerization, is degenerated (Nore et al, 2022). Hence, the

interaction with REC114-MEI4 might provide an alternative means

of dimerization of the catalytic complex.

IHO1 was shown to interact with REC114 in Y2H assay, but

direct interaction between the two proteins could not be detected

(Stanzione et al, 2016). In S. cerevisiae, Rec114-Mei4 and Mer2

Figure 7. Model of the IHO1-REC114-MEI4 complex.

A Model summarizing the current knowledge on the REC114-MEI4 complex architecture. REC114-MEI4 form 2:1 and 4:2 complexes through the C termini of REC114
and N terminus of MEI4. The arrow indicates potential dimerization of the REC114-MEI4 heterotrimers.

B Model summarizing the current knowledge on IHO1 domain architecture. IHO1 forms tetramers and interacts with REC114 with its conserved N terminus.
C Proposed model of the 4:4:2 IHO1-REC114-MEI4 complex. The tetramer of IHO1 interacts with four molecules of REC114 binding two molecules of MEI4. The arrow

indicates potential dimerization of the REC114-MEI4 heterotrimers.
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(IHO1 ortholog) were proposed not to form a complex, but rather to

create common DNA-based condensates. Here, we demonstrate by

gel filtration and ITC measurement that in the mouse, IHO1 and

REC114-MEI4 form a stable complex. This interaction requires a

highly conserved N terminus of IHO1, and the PH domain of

REC114 and the Kd of the interaction measured by ITC is 30.4 lM.

The AlphaFold2 model of the complex is not predicted with high

confidence; nevertheless, it guided us to identify conserved residues

of REC114 and IHO1 that are indeed required for the interaction.

We could also show by MALLS that mouse IHO1 forms tetramers

with its central helical region (Fig 7B). This has already been shown

for the yeast Mer2 (Rousova et al, 2021; Claeys Bouuaert et al,

2021a). AlphaFold2 predicts the tetramerization region to be a long

four-stranded parallel coiled-coil for mouse and other species. Given

that REC114 and MEI4 form 2:1 and 4:2 complexes and each PH

domain of REC114 possess a binding site for one N-terminal peptide

of IHO1, it is tempting to speculate that the REC114-MEI4-IHO1

complex might be formed of 4 IHO1, 4 REC114, and 2 MEI4 mole-

cules (Fig 7A–C). Native MS and MALLS characterization of such a

complex did not yield convincing stoichiometry values, likely due to

the fast exchange and low binding affinity. Importantly, the IHO1

binding requires the same REC114 residue L104, which is positioned

centrally in its b-sheet and which interacts with hydrophobic and

aromatic residues of short motifs of TOPOVIBL (Nore et al, 2022)

and ANKRD31 (Boekhout et al, 2019), indicating a shared inter-

acting surface and hence mutually exclusive binding of these pro-

teins. The binding of ANKRD31 and TOPOVIBL to REC114 is indeed

incompatible (Nore et al, 2022). We could show, using size exclu-

sion chromatography, that in the presence of ANKRD311808–1857,

IHO1 does not bind REC114-MEI4 anymore. The same is probably

true for TOPOVIBL, since no peak shift of IHO1 is observed when

REC114-MEI4 is first mixed with TOPOVIBL452–579. The binding

affinity of ANKRD31 for REC114 is not known, since the ANKRD31

peptide aggregates in the absence of REC114, but given the large

interaction interface on REC114 it is likely higher than that of TOPO-

VIBL (Kd = 3 lM; Nore et al, 2022). IHO1 thus binds to REC114

with lower affinity than TOPOIVBL and ANKRD31, even though

within the larger IHO1-REC114-MEI4 complex containing 4 REC114-

IHO1 interfaces, the affinity might be higher. This modest affinity

might also explain why a direct REC114-IHO1 interaction was not

detected in pull-downs or immunoprecipitations (Stanzione

et al, 2016). The affinity might also be modified by posttranslational

modifications or other protein or DNA factors. Indeed, in yeast,

recruitment of Rec114 and Mei4 to chromosomal axis depends on

Mer2 phosphorylation by Cdk (Henderson et al, 2006; Sasanuma

et al, 2008; Panizza et al, 2011).

How these different proteins interact in vivo remains a challeng-

ing question. Considering the biochemical knowledge, one would

expect at least two main complexes, the SPO11-TOPOVIBL complex

and the IHO1-MEI4-REC114 complex. SPO11-TOPOVIBL is the cata-

lytic activity and may not be in excess as suggested by dosage effect

of SPO11 on DSB activity (Cole et al, 2012). SPO11 is also predicted

to form a dimer, essential for DNA cleavage, as in archeal TOPOVIA

the catalytic site is formed by residues of two protomers (Nichols

et al, 1999). In TOPOVI, the dimerization is promoted by the ATP-

binding activity of TOPOVIB (Corbett et al, 2007; Graille et al,

2008). Since TOPOVIBL is likely defective for ATP binding (Nore

et al, 2022), it is possible that the SPO11-TOPOVIBL complex has

adopted an alternative strategy to dimerize. This strategy may be

based on the REC114-MEI4 2:1 complex via the interaction of

REC114 with TOPOVIBL. In addition to the catalytic activity, DSB

formation has one additional predicted requirement: DSBs should

take place in the context of the chromosome axis. This implies that

specific interactions bring the DSB site in proximity to axis and to

REC114-MEI4-IHO1. In S. cerevisiae, this step is ensured by Spp1,

which interacts both with H3K4me3 (near DSB sites) and with Mer2

(Acquaviva et al, 2013; Sommermeyer et al, 2013). In mice, the DSB

sites are bound by PRDM9 and have several epigenetic modifica-

tions (Grey et al, 2018). Following a model based on S. cerevisiae

observations, it is possible that the PRDM9-dependent epigenetic

modifications (H3K4me3, H3K36me3, and indirectly H3K9Ac) are

recognized by a reader, which also interacts directly or indirectly

with the axis-located REC114-MEI4-IHO1. Since ANKRD31 has a

potential to interact with chromatin (Saredi et al, 2016; Boekhout

et al, 2019), it may be involved in such DSB/axis interaction. If so,

it is not absolutely required since DSBs can still form, although at

reduced levels at PRDM9 sites in Ankrd31�/� mice (Boekhout

et al, 2019; Papanikos et al, 2019). One could envision that

ANKRD31 acts early in the control of DSB formation via its interac-

tion with REC114, possibly transiently and that in a second step,

once DSB sites are located near axes, ANKRD31 may detach from

REC114 which is then available to interact with TOPOVIBL for pro-

moting the above-discussed dimerization. In analogy to yeast, the

REC114-MEI4-IHO1 complex may be a condensate with multiple

complexes; it is also possible that some REC114 molecules may still

be interacting with ANKRD31 while others with IHO1 that could fur-

ther stabilize the complex on axes since IHO1 is an interactor of the

axis protein HORMAD1 (Stanzione et al, 2016). Such dynamic and

stepwise regulation in the organization of these complexes could be

consistent with the exclusive binding of ANKRD31, IHO1, and

TOPOVIBL to the PH domain of REC114. The complexity is further

strengthened by observations that in yeast two-hybrid assays

ANKRD31 directly interacted with IHO1 in addition to REC114

(Papanikos et al, 2019) and that MEI4 also co-immunoprecipitates

with IHO1 even in cells lacking REC114, indicating other potential

contacts between these proteins (Kumar et al, 2018). These observa-

tions imply subtle regulations that could be influenced by stoichiom-

etry and/or posttranslational modifications. How exactly IHO1,

TOPOVIBL, and ANKRD31 succeed each other on the surface of

REC114 in vivo and how these interactions are coordinated in order

to regulate meiotic recombination in different parts of the genome

thus remains to be established.

Materials and Methods

Protein expression and purification

All IHO1 constructs were expressed as His-MBP-tag fusions from the

pETM41 vector (EMBL), or as a His-Sumo-tag fusion from pETM11

vector (EMBL) in E. coli BL21-Gold cells (DE3, Agilent). The protein

was first purified on amylose resin (NEB) in a buffer containing

20 mM Tris pH 8, 100 mM NaCl, 2 mM b-mercaptoethanol, 5%

glycerol, and 1 mM EDTA. To prepare an untagged protein, the His-

MBP tag was cleaved off by TEV protease and the protein was fur-

ther purified by a passage through a Ni2+-Chelating Sepharose (GE
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Healthcare). IHO1 was then purified by a gel filtration on Superdex

200 (GE Healthcare).

REC114226–254, REC114222–257, and its mutants were expressed in

E. coli BL21-Gold cells (DE3, Agilent) from pETM41 vector (EMBL)

as His-MBP-tag fusions. REC1141–159 and its mutant were cloned

into pRSFDuet-1 vector as Strep-tag fusions. The proteins were,

respectively, purified by affinity chromatography (amylose resin

[NEB] or Strep-Tactin XT resin [IBA]) and by Superdex 200 size

exclusion chromatography in a buffer containing 20 mM Tris pH 8,

100 mM NaCl, and 2 mM b-mercaptoethanol.

Protein complex reconstitution

Strep-Full-length REC114 and His-MEI41–127 were co-expressed from

pRSFDuet-1 (Novagen) and pProEXHTb (Invitrogen) vectors,

respectively, in E. coli BL21Gold (DE3) cells. The REC114-MEI4

complex was purified using a Strep-Tactin XT resin (IBA) and by a

gel filtration on Superdex 200 (GE Healthcare). For complex forma-

tion with IHO1, the REC114-MEI4 complex was first mixed with the

purified His-MBP-IHO1 (or His-Sumo-IHO1) in a molar ratio of 2:1.

The sample was then applied onto a Superose 6 gel filtration column

(GE Healthcare) in 20 mM Tris pH 8, 100 mM NaCl, 5% glycerol,

and 2 mM b-mercaptoethanol.

His-MBP-REC114226–254 and His-MEI41–43 were co-expressed

from pETM41 (EMBL) and pProEXHTb (Invitrogen) vectors, respec-

tively, in E. coli BL21-Gold cells (DE3, Agilent) and were first puri-

fied by affinity chromatography using the amylose resin (NEB). For

untagged complex, the His-MBP and His-tags were removed by TEV

protease and a passage through a Ni2+ chelating Sepharose (GE

Healthcare). The final purification step was size exclusion chroma-

tography on Superdex 200 size exclusion chromatography (GE

Healthcare).

ANKRD311808–1857 was cloned as His-MBP fusion into pETM41

(EMBL). The Strep-FL-REC114-His-MEI41–127 complex and

ANKRD311808–1857 were individually expressed in E. coli BL21Gold

(DE3) cells. Following cell disruption, supernatants containing solu-

ble Strep-FL-REC114-His-MEI41–127 and ANKRD311808–1857 were

mixed. The ternary complex was further purified by Strep-Tactin XT

resin (IBA) and Superose 6 size exclusion chromatography (GE

Healthcare).

TOPOVIBL452–579 was cloned as a His-tag fusion into pProEXHTb

(Invitrogen). REC114-MEI4 complex and TOPOVIBL452–579 were

individually expressed in E. coli BL21Gold (DE3) cells and purified,

respectively, on Strep-Tactin XT resin (IBA) or Ni2+-Chelating

Sepharose (GE Healthcare). Proteins were mixed in a molar ratio of

2:1 and further purified by gel filtration on Superose 6 (GE,

Healthcare).

Pull-down assays

MEI4 constructs were cloned into pProEXHTb (Invitrogen) as a His-

tag fusion and REC114226–254 into pETM41 vector as a His-MBP

fusion. His-MBP-REC114226–254 was co-expressed with the different

constructs of MEI4 in E. coli BL21-Gold (DE3) cells (Agilent). Fol-

lowing cell disruption, the REC114-MEI4 protein-containing super-

natants were loaded onto an Amylose resin (NEB). After extensive

washing with a buffer containing 20 mM Tris pH 8, 100 mM NaCl,

5% glycerol, and 2 mM b-mercaptoethanol, bound proteins were

eluted by the addition of 10 mM maltose and analyzed on 15%

SDS–PAGE. For analysis of the interaction between REC114 con-

structs and MEI4, REC114 variants were cloned as N-terminal Strep-

tag fusions into pRSFDuet-1 (Novagen) and co-expressed with

MEI41–127 that was cloned as a His-tag fusion into pProEXHTb (Invi-

trogen). Supernatants were applied to Strep-Tactin XT resin (IBA)

that was extensively washed with 20 mM Tris pH 8, 100 mM NaCl,

5% glycerol, and 2 mM b-mercaptoethanol, and the bound proteins

were eluted with the addition of 50 mM of D-Biotin.

To analyze the impact of REC114 and MEI4 mutants, full-length

REC114 and its mutants were cloned as Strep-tag fusions into

pRSFDuet-1 (Novagen). MEI41–43 and its mutants were cloned as

His-MBP fusions in pETM41. Proteins were expressed individually

in E. coli BL21Gold (DE3) cells. REC114 and MEI4 variants were

purified by affinity chromatography (Strep-Tactin XT resin (IBA)

and Ni2+-Chelating Sepharose, GE Healthcare, respectively) and gel

filtration on Superdex 200 (GE, Healthcare). REC114 and MEI4 were

mixed and loaded onto Strep-Tactin XT (IBA) resin columns. Col-

umns were extensively washed with 20 mM Tris pH 8, 100 mM

NaCl, 5% glycerol, and 2 mM b-mercaptoethanol, and bound pro-

teins were eluted by the addition of 50 mM of D-Biotin and analyzed

by 15% SDS–PAGE.

Isothermal titration calorimetry (ITC)

ITC experiments were performed at 25°C using an ITC200 microcal-

orimeter (MicroCal). Experiments included one 0.5 ll injection

and 15–25 injections of 1.5–2.5 ll of 0.5-1 mM His-MBP-IHO1

(IHO11–281, IHO11–23, or IHO11–23, F3E) into the sample cell that

contained 30 lM Strep-REC114-His-MEI41–127 (or Strep-REC1141–159

or Strep-REC1141–159, L104D) in 20 mM Tris pH 8.0, 100 mM NaCl,

and 2 mM b-mercaptoethanol. The initial data point was deleted

from the data sets. Binding isotherms were fitted with a one-site

binding model by nonlinear regression using the MicroCal PEAQ-

ITC Analysis software.

Size exclusion chromatography coupled to multiangle laser light
scattering

SEC-MALLS experiments were performed on high-performance liq-

uid chromatography (HPLC) system (Shimadzu, Kyoto, Japan),

consisting of a DGU-20 AD degasser, an LC-20 AD pump, a SIL20-

ACHT autosampler, an XL-Therm column oven (WynSep, Sainte

Foy d’Aigrefeuille, France), a CBM-20A communication interface,

an SPD-M20A UV–visible detector, a miniDAWN TREOS static

light scattering detector, a DynaPro NanoStar dynamic light scat-

tering detector, and an Optilab rEX refractive index detector

(Wyatt, Santa Barbara, USA). The samples were stored at 4°C,

and a volume of 50–100 ll was injected on a Superdex 200 size

exclusion column equilibrated with 20 mM Tris pH 8.0 and

100 mM NaCl, filtered at 0.1 lm, at a flow rate of 0.5 ml/min.

The analysis of the data was done with the software ASTRA v5

(Wyatt, Santa Barbara, USA).

Analytical ultracentrifugation

Sedimentation velocity experiments were performed at 130,000 g

and 10°C, on a Beckman XLI analytical ultracentrifuge using a AN-
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50 Ti rotor (Beckman Coulter, Brea, USA) and double-sector cells

with optical path lengths of 12 and 3 mm equipped with sapphire

windows (Nanolytics, Potsdam, DE). The reference were sample

buffers, for pH 8.0 samples: 200 mM NaCl, 20 mM Tris pH 8.0 and

for pH 4.5 samples: 500 mM NaCl, 20 mM Sodium Acetate pH 4.5.

Measurements were made on 0.2, 1, and 4.5 mg/ml sample using

absorbance at 280 nm and interference optics. Data were processed

with the REDATE software (https://www.utsouthwestern.edu/labs/

mbr/software/), and the parameters were determined with SEDN-

TERP and SEDFIT (Schuck, 2000). Analysis of sedimentation coeffi-

cients and molecular weights was performed using SEDFIT

(Schuck, 2000) and GUSSI (Brautigam, 2015).

Liquid chromatography/electrospray-ionization mass
spectrometry (LC/ESI-TOF-MS)

To assess the mass of the different proteins, a 6210 TOF mass spec-

trometer coupled to a HPLC system (1100 series, Agilent Technolo-

gies) was used. The mass spectrometer was calibrated with tuning

mix (ESI-L, Agilent Technologies). The following instrumental set-

tings were used: gas temperature (nitrogen) 300°C, drying gas

(nitrogen) 7 l/min, nebulizer gas (nitrogen) 10 psi, Vcap 4 kV, frag-

mentor 250 V, skimmer 60 V, and Vpp (octopole RF) 250 V. The

HPLC mobile phases were prepared with HPLC-grade solvents.

Mobile phase A composition was: H2O 95%, ACN 5%, and TFA

0.03%. Mobile phase B composition was as follows: ACN 95%, H2O

5%, and TFA 0.03%. Each protein was diluted to 5 uM using mobile

phase A. Four ll of each sample (20 pmol) was injected into HPLC

system MS analysis and was first desalted online for 3 min with

100% of mobile phase A (flow rate of 50 ll/min), using a C8

reverse phase micro-column (Zorbax 300SB-C8, 5 lm, 5 × 0.3 mm,

Agilent Technologies). The sample was then eluted with 70% of

mobile phase B (flow rate of 50 ll/min), and MS spectra were

acquired in the positive ion mode in the 300–3,000 m/z range (Boeri

Erba et al, 2018). Data were processed using MassHunter software

(v. B.02.00, Agilent Technologies) and GPMAW software (v. 7.00b2,

Lighthouse Data, Denmark).

Native mass spectrometry

The samples were analyzed by native mass spectrometry (Boeri

Erba et al, 2018, 2020; Puglisi et al, 2020). Protein ions were gener-

ated using a nanoflow electrospray (nano-ESI) source. Nanoflow

platinum-coated borosilicate electrospray capillaries were bought

from Thermo Electron SAS (Courtaboeuf, France). MS analyses

were carried out on a quadrupole time-of-flight mass spectrometer

(Q-TOF Ultima, Waters Corporation, Manchester, U.K.). The instru-

ment was modified for the detection of high masses (Sobott et al,

2002; van den Heuvel et al, 2006). The following instrumental

parameters were used: capillary voltage = 1.2–1.3 kV, cone

potential = 40 V, RF lens-1 potential = 40 V, RF lens-2

potential = 1 V, aperture-1 potential = 0 V, collision energy = 30–

140 V, and microchannel plate (MCP) = 1,900 V. All mass spectra

were calibrated externally using a solution of cesium iodide (6 mg/

ml in 50% isopropanol) and were processed using the Masslynx 4.0

software (Waters Corporation, Manchester, UK) Massign software

package (Morgner & Robinson, 2012) and UniDec (Marty

et al, 2015).

Small-angle X-ray scattering (SAXS)

All SAXS datasets were recorded at the BioSAXS BM29 beamline at

the European Synchrotron Radiation Facility (ESRF), Grenoble,

France (Tully et al, 2023), using an X-ray wavelength of 0.99 �A and

a sample-detector distance of 2.867 m. All 2D detector images (sam-

ples and buffers) were reduced into 1D SAXS curves with ESRF in-

house software (Kieffer et al, 2022). Batch samples were measured

at 3–4 concentrations (between 1 and 4 mg/ml) to check for particle

interaction effects, with ten 1 s exposure frames per concentration.

The final 1D SAXS curves were obtained by averaging a maximum

of individual sample and buffer frames (while excluding frames that

displayed radiation damage) and by subtracting the thus averaged

buffer from the respective averaged sample. SEC-SAXS data were

recorded using the online HPLC (Tully et al, 2023). Six hundred

individual 4 s frames were recorded, during which the absorbance

at 280 nm was monitored. Radii of gyration (RG) were determined

using the Guinier approximation with the program PRIMUS from

the ATSAS suite (Manalastas-Cantos et al, 2021). Fits of atomic

models were carried out using the program CRYSOL from the same

suite, in standard mode and without solvent optimization. The par-

allel tetrameric MBP-IHO1125–261 model was assembled manually

using the crystal structure of MBP (PDB code-4H1G), which was

linked by a 5-residue linker to the AlphaFold2 model of IHO1125–261

tetramer. The antiparallel version was modeled manually in Coot

(Emsley et al, 2010). The starting MBP-IHO1125–261 models were

refined using the program CORAL from the ATSAS suite, by

allowing a flexible linker (five residues) between rigid individual

coiled-coil and MBP domains, and by imposing fixed relative posi-

tions of all four coiled-coil domains (i.e., only the four MBP

domains were allowed to move within the steric linker restraints).

Data availability

The original SAXS data are referenced under the following DOIs:

https://doi.org/10.15151/ESRF-ES-1057334215 and https://doi.org/

10.15151/ESRF-ES-701731695.

Expanded View for this article is available online.
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