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In brief

Vitoria Gomes et al. show that SMC1A

and SMC3ATPase domains have distinct,

specific, but concerted conformational

dynamics during the human cohesin

ATPase cycle. Whereas the SMC1A

proximal coiled coil is stable, that of the

SMC3 has an intrinsic flexibility that

modifies the size of the SMC1A/SMC3

ATPase module DNA-binding chamber.
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4Institut de Génétique et de Biologie Moléculaire et Cellulaire, Department of Integrated Structural Biology, 67400 Illkirch, France
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SUMMARY
Cohesin is key to eukaryotic genome organization and acts throughout the cell cycle in an ATP-dependent
manner. The mechanisms underlying cohesin ATPase activity are poorly understood. Here, we characterize
distinct steps of the human cohesin ATPase cycle and show that the SMC1A and SMC3 ATPase domains un-
dergo specific but concerted structural rearrangements along this cycle. Specifically, whereas the proximal
coiled coil of the SMC1A ATPase domain remains conformationally stable, that of the SMC3 displays an
intrinsic flexibility. The ATP-dependent formation of the heterodimeric SMC1A/SMC3 ATPase module
(engaged state) favors this flexibility, which is counteracted by NIPBL and DNA binding (clamped state).
Opening of the SMC3/RAD21 interface (open-engaged state) stiffens the SMC3 proximal coiled coil, thus
constricting together with that of SMC1A the ATPase module DNA-binding chamber. The plasticity of the
ATP-dependent interface between the SMC1A and SMC3 ATPase domains enables these structural rear-
rangements while keeping the ATP gate shut.
INTRODUCTION

Structural maintenance of chromosomes (SMC) complexes play

key roles in genome organization in the three domains of life.

While these complexes share a similar architecture and a com-

mon ATPase activity, they have evolved different functions sup-

ported by specific sets of core, auxiliary, and regulatory sub-

units.1–3 How shared and evolutionary-divergent mechanisms

of SMC complexes contribute to their specific functions remains

poorly understood. Among the SMC complexes, eukaryotic co-

hesin participates in many functional processes throughout the

cell cycle, notably sister chromatid cohesion, chromosome

segregation, DNA repair, chromatin loop formation, and, in ver-

tebrates, V(D)J recombination and formation of topologically

associated domains. To perform these functions, cohesin acts

in an ATP-dependent manner through different mechanisms,

including dynamic loop extrusion and DNA tethering.1,3

The core cohesin complex is composed of two Smc subunits,

SMC1A and SMC3, and of the RAD21Scc1 kleisin subunit (human
Cell Reports 43, 114656, Septem
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names used throughout; Saccharomyces cerevisiae names

given in superscripts when diverging significantly from human

names). The SMC1A and SMC3 subunits harbor at each of their

extremities a hinge domain and an ABC-transporter-like ATPase

head domain (HD), both separated by a long intramolecular anti-

parallel coiled coil.3–5 Formation of the cohesin core complex in-

volves SMC1A and SMC3 heterodimerization through their hinge

domains and the asymmetric bridging by RAD21Scc1 of the

SMC1A- and SMC3-HDs to form the tripartite ring characteristic

of SMC complexes (Figure 1A).6–10

In the presence of ATP, the cohesin SMC1A- and SMC3-HDs

also heterodimerize upon binding two ATPmolecules. ATP bind-

ing is driven in a composite manner by small ATP-binding motifs

(Walker A/P-loop, Walker B, D-loop, Q-loop, R-loop, signature

motif) contributed by both HDs at both ATP-binding sites.5,6,8

ATP-dependent HDs heterodimerization, known as engage-

ment, results in the formation of the cohesin ATPase module

(engaged state) that dissociates upon subsequent ATP hydroly-

sis.10–13 ATP binding and hydrolysis are key to most cohesin
ber 24, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. ATP hydrolysis and nucleotide-binding properties of human SMC1A and SMC3 ATPase head domains (HDs)

(A) Schematic representation of the human cohesin core complex. Specific elements discussed in the text are labeled.

(B) ATPase activity of the isolated and mixed SMC1ACC/RAD21C and SMC3CC/RAD21N complexes. The ATPase activity is given in Pi molecules released per

dimer and per minute. All experiments were done in technical or biological triplicate.

(C) Measurements of the KD of ADP for the SMC1ACC/RAD21C and SMC3CC/RAD21N complexes.

(D) Same as in (C) for ATP.

All experiments for (C) and (D) were done in technical or biological duplicate.
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mechanisms and functions, and many cohesin auxiliary and reg-

ulatory subunits interact directly or in the vicinity of the non-

engaged or ATP-engaged SMC1A- and SMC3-HDs.10–12,14

Among cohesin regulatory subunits, NIPBLScc2 was shown to

stimulate ATP hydrolysis by the cohesin ATPase module, a stim-

ulation required for cohesin loop extrusion.15–18 The structures of

yeast and human cohesin ATPase modules in complex with

NIPBLScc2 and DNA have revealed how the protein components

encircle and clamp the non-topologically bound DNA (clamped

state).10–12 By which mechanisms NIPBLScc2 stimulates the co-

hesin ATPase activity is, however, still unclear. NIPBLScc2 also

plays an initial role in cohesin DNA tethering by causing the

ATP-dependent topological entrapment of DNA within the cohe-

sin ring through the hinge/hinge interface (DNA entry gate;

Figure 1A).12,17,19–25

The mechanisms subsequently leading to cohesin genomic

stabilization and then to genomic removal also require ATP bind-

ing and hydrolysis but are independent of NIPBLScc2 and rely on

the PDS5 regulatory subunit. Specifically, cohesin genomic sta-

bilization requires association with PDS5, which is favored by the

acetylation of the SMC3-HD lysines K105 and K106 and is stabi-

lized by SORORIN.24,26–35 Cohesin genomic removal also re-

quires PDS5, but when bound to WAPL, DNA release occurring

through opening of the SMC3/RAD21 interface (DNA exit gate;

Figure 1A).20,26,28,31,36–43 The different mechanisms participating

in cohesin DNA tethering and release remain poorly character-

ized at the molecular level but are equally essential to cohesin
2 Cell Reports 43, 114656, September 24, 2024
functions and act in synergy with loop extrusion to regulate the

length of chromatin loops and to shape the eukaryotic three-

dimensional genome in an ATP-dependent manner.43–49

An essential characteristic of cohesin is its intrinsic flexibility,

which is required for its transactions with DNA and for its biolog-

ical functions. Cohesin can adopt open ring, rod, and kinked

conformations depending on whether the SMC1A and SMC3

coiled coils are interacting by co-alignment and are bent at their

elbow elements.10–12,14,39,50–53 The mechanisms by which cohe-

sin alternates between these conformations remain unclear. The

cohesin ATPase cycle is expected to be key to these conforma-

tional changes. However, the specific structural rearrangements

occurring within the cohesin SMC1A- and SMC3-HDs and

ATPase module during the cohesin ATPase cycle and how these

can be propagated at long distance are poorly characterized.

Therefore, while cohesin ATPase activity is at the heart of the

mode of action and functions of this SMC complex, the mecha-

nisms that underlie this activity require further analyses. Here, we

have characterized distinct steps of the human cohesin ATPase

cycle. We show that the SMC1A and SMC3 ATPase HDs un-

dergo highly specific structural movements and conformational

rearrangements upon ATP binding, ATP-dependent engage-

ment, ATP hydrolysis, and opening of the SMC3/RAD21 inter-

face. These movements and rearrangements are different in

both HDs but concerted between them. We notably reveal the

intrinsic flexibility of the SMC3-HD proximal coiled coil and

the high plasticity of the ATP-dependent interface between the
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SMC1A- and SMC3-HDs that underlie the conformational dy-

namics of these HDs. Our results show the importance of the

full N-terminal region of RAD21 in thesemechanisms. Our results

provide a most complete view of the cohesin ATPase cycle

conformational dynamics that support cohesin mechanisms

and functions.
RESULTS

Human SMC1A and SMC3 ATPase HDs have distinct
nucleotide-binding properties and recapitulate the
ATPase activity of the full core cohesin complex
Characterization of the cohesin complex in molecular terms is

rendered difficult by the large flexibility of this complex. We

used the isolated SMC1A- and SMC3-HDs to obtain the high-

resolution data required to study in precise molecular terms

the conformational dynamics of these HDs. Different constructs

of the human SMC1A- and SMC3-HDs were made (see the

STAR Methods) by varying the length of the proximal coiled

coil (CC) emerging from their globular domains (GDs;

Figures S1 and S2). RAD21N and RAD21C constructs were de-

signed according to previous work (Figure S3).6,8Whereas single

expression of these constructs led to insoluble proteins, their co-

expression led to the soluble production of the various SMC1A-

HD/RAD21C and SMC3-HD/RAD21N complexes. The

SMC1ACC/RAD21C and SMC3CC/RAD21N complexes, which

do not include the joint elements of the HDs, were chosen as pri-

mary targets for our investigations unless stated otherwise.

The SMC1ACC/RAD21C and SMC3CC/RAD21N complexes

had a very low ATPase activity when analyzed independently,

but a significant increase in activity was observed upon their mix-

ing (Figure 1B). The ATPase activity of 3.2 Pi molecules released

per dimer and per minute that we measured for the mixed HDs is

within the range (�2.4–4.0) measured for the full-length human

core cohesin complex obtained either using the baculovirus

expression system or endogenously purified from HeLa

cells.15,16,24 This shows that the isolated HDs used in our study

can recapitulate the ATPase activity of the full core cohesin

complex.

Isothermal titration calorimetry (ITC) measurement of the

dissociation constant (KD) of nucleotides for the individual

SMC1ACC/RAD21C and SMC3CC/RAD21N complexes was

performed with both wild-type (WT) and low ATPase activity

EQ mutants (SMC1A-E1157Q and SMC3-E1144Q) as well as

with ATP and the low hydrolyzable ATPgS analog. Themeasured

KD values were all in the micromolar range, only showing some

variations depending on the nucleotide analyzed (Figures 1C,

1D, S4A, and S4B; Table S1). Binding of nucleotides to these
Figure 2. Specific conformational dynamics of SMC1A-HD

(A) Conformational movements within the SMC1A-HD upon ADP binding.

(B) Same as in (A) upon ATPgS and Mg binding.

(C) Opposite rotational movements of SMC1A-HD helical lobe upon ADP and AT

(D) The movements observed in (D) are in the same plane that goes through Q13

(E) Close-up of (D) on the Q-loop.

(F) Movements of the helical lobe with respect to the RecA lobe of SMC1A-HD u

(G) Same as in (F) in a 90� view focusing on SMC1A-HD helical lobe.

(H) Conformational and positional changes occurring in SMC1A-HD F-loop and s
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two complexes showed, however, different entropic and en-

thalpic contributions. Specifically, nucleotide binding was en-

tropy driven for SMC1ACC/RAD21C and enthalpy driven for

SMC3CC/RAD21N (Figures S4C and S4D).

X-ray crystallography was then used to investigate the molec-

ular properties of the independent SMC1A-HD/RAD21C and

SMC3-HD/RAD21N complexes and their binding to nucleotides.

Crystallization assays were performed without nucleotides or in

the presence of either ADP or ATPgS. All complexes crystallized

in apo form and in complex with these nucleotides. The crystals

obtained diffracted between 1.4 and 3.1 Å resolution (Tables S2–

S4). Structure determinations were carried out by molecular

replacement.
The SMC1A-HD/RAD21C complex shows Q-loop-based
rotational movements but remains in a specific relaxed
conformation upon nucleotide binding
The SMC1A-HD/RAD21C structures showed that the SMC1A-

HD P-loop adopts, in the absence of nucleotides, a closed

conformation that is stabilized by a network of water molecules

interacting with neighboring residues (Figures S5A and S5B).

Nucleotide binding therefore requires the release of this water

network, which could agree with the observed entropy-driven

binding of ADP and ATP to the SMC1ACC/RAD21C complex

through a disorder increase. In addition, in all structures,

R-loop R57 stably interacts with N40 and D43 and, in the pres-

ence of ATPgS, with the a-phosphate group of this nucleotide

(Figures S5C and S5D). This contrasts with fungi where the

Smc1 R-loop is not defined in density unless in the clamped

state.8,11,13 Mutation of R57 into alanine (R57A) or the use of

the Cornelia de Lange syndrome (CdLS)-characterized 58–62

deletion mutant (D58-62)54 caused a complete loss of ATP hy-

drolysis by the isolated SMC1A-HD (Figure S5E). However, this

loss was only �10% when SMC3CC/RAD21N was added to

the reaction, indicating that human SMC1A R57 plays an early

role in organizing the SMC1A-HD nucleotide-binding site prior

to engagement.

Comparative analysis of the SMC1ACC/RAD21C structures

revealed specific conformational changes occurring upon ADP

and ATPgS binding that cause the movement of the RecA lobe

and helical lobe of this HD with respect to each other. Notably,

ADP binding causes a slight rotational movement of both lobes

away from each other, whereas ATPgSbinding brings both lobes

closer to each other (Figures 2A and 2B). These rotational move-

ments occur in the same plane that goes through the Q-loop

(Figures 2C and 2D; Video S1). Specifically, upon ATPgS bind-

ing, Q137 moves toward the nucleotide binding site and binds

to the Mg ion (1.9 Å), and hydrogen bonds to the
PgS binding.

7.

pon formation of the clamped complex.

ignature motif upon formation of the clamped complex.
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g-thiophosphate group (2.6 Å) (Figure 2E). These movements do

not induce significant structural changes to the RecA lobe/helical

lobe interface and within the helical lobe itself, including to the

F-loop and signature motif, but position differently the SMC1A

proximal coiled coil depending on the nucleotide bound

(Figure 2C).

In contrast, comparison of our SMC1ACC/RAD21C structures

with that of the SMC1A-HD in the clamped state10 revealed a

large movement of the SMC1A-HD helical lobe with respect to

the RecA lobe upon formation of the clamped state (Figure 2F).

This movement, which has been called the lever effect in the

bacterial/archaeal case,55 is due to a sliding of the helical lobe

along the RecA lobe. The amplitude of this movement is large,

as demonstrated by the displacement by �7–8 Å of the second

signature-coupling helix of SMC1A that precedes the N-terminal

coil of this HD (Figure 2F). The lever effect also repositions the

SMC1A CC in a central position (Figure 2G), as observed in our

apo structure, but keeps Q137 at a close distance to the ATP

molecule.10

Whereas the overall structure of the SMC1A helical lobe is not

significantly modified by the lever effect in the clamped state, the

F-loop and signature motif of this lobe undergo significant

conformational and positional changes when compared to the

isolated SMC1A-HD (Figure 2H). This also requires a significant

reorganization of the RecA lobe/helical lobe interface. Impor-

tantly, the sliding movement upon leverage is almost perpendic-

ular to the aforementioned planar rotational movement observed

upon ADP and ATPgS binding to the isolated SMC1A-HD,

showing that these conformational changes are not related

(Figures 2D and 2F; Video S1). This demonstrates that when iso-

lated, the SMC1A-HD adopts a stable relaxed conformation,

regardless of its nucleotide-binding state, which is different

from that of the clamped state.

Of note, our crystallographic structures of the SMC1ACCsh/

RAD21C complex, where the SMC1A-HD proximal coiled coil

is shorter than in the SMC1ACC/RAD21C complex, show a

higher structural resemblance to that of the clamped SMC1A-

HD. These structures notably display, as in the clamped confor-

mation, a lever effect, a central repositioning of the SMC1ACC, a

specific RecA lobe/helical lobe interface, and a conformational

rearrangement of the F-loop and signature motif compared to

the SMC1ACC/RAD21C structures (Figures S6A–S6C). These

features appear, however, artificially induced by the crystal

packing of the SMC1ACCsh/RAD21C complex that involves

the SMC1A-HD proximal coiled coil but not the ATP-binding

interface (Figures S6D and S6E). This shows that the reorganiza-

tion of the SMC1A-HD F-loop requires only the rearrangement of

the RecA lobe/helical lobe interface.

The SMC3-HD/RAD21N complex adopts a relaxed
conformation with a specific resting state of the SMC3-
HD proximal CC due to the interaction of RAD21N with
the SMC3-HD GD
In the case of the isolated SMC3CC/RAD21N complex, our

structures show a higher similarity whatever their nucleotide-

binding state, with smaller adaptative movements observed

upon binding of ADP and ATPgS and fewer water molecules dis-

placed that could account for the observed enthalpy-driven
binding mechanism (Figure 3A; Video S2). In addition, in all our

structures, the SMC3 Q-loop is positioned far away (�9 Å)

from the nucleotide-binding site, with the Q141 side chain turned

away from this binding site, even when ATPgS and magnesium

are bound (Figure 3B; Video S2). This specific conformation is

also different from that of the SMC3-HD in the clamped state,

showing that this HD also adopts a relaxed conformation when

isolated (Figure 3C).

Accordingly, to reach the clamped conformation, the SMC3-

HD also requires a lever effect that slides its helical lobe along

its RecA lobe, moving the SMC3 second signature-coupling he-

lix by �4–5 Å (Figures 3C and 3D). The associated conforma-

tional changes affect the positioning and conformation of the

Q-loop, repositioning Q141 toward the ATP-binding site

(Figures 3C and 3D; Video S2). Other additional changes, spe-

cific to the SMC3-HD, are also observed that are reminiscent

of those observed upon bacterial/archaeal Smc-HD homodime-

rization.55 These include the conformational rearrangement of

the wedge element, which turns away from the SMC3CC toward

the R-loop and accompanies the repositioning and conforma-

tional change of this loop and the repositioning but not the

conformational rearrangement of the loop harboring the SMC3

signature motif (Figure 3D).

The most striking difference observed, however, is the �45�

kink in our structures of the CC emerging from the SMC3 GD

compared to the straight conformation displayed by this CC in

the clamped complex (Figures 4A–4C; Video S2). This kink is

due to a simultaneous bending of both a-helices forming the hu-

man SMC3 CC that occurs right above the region where these

helices emerge from the SMC3 GD and just below the region

where they interact with RAD21N (Figures 4A and 4B). The

intrinsic flexibility of the short helical stretches of the SMC3 CC

that enables their bending is demonstrated by their slightly

different conformations observed in our different structures,

including between non-crystallographic symmetry mates in a

single crystal form.

The SMC3 CC kink is observed in all our SMC3CC/RAD21N

structures, regardless of the nucleotide-binding state, which

could account for their higher structural similarity. Although the

folding of RAD21N and its interaction with the SMC3 CC are

not changed by the kink, the new path of the SMC3 CC positions

differently the RAD21 50-residue small N-terminal helical domain

(HelD), which precedes the long RAD21N a helix interacting with

the SMC3 CC, in the groove at the interface between the RecA

lobe and helical lobe of the SMC3 GD (Figure 4B). The interac-

tions formed between the RAD21N HelD and the SMC3 GD sta-

bilize this specific conformation of the SMC3-HD/RAD21N inter-

face that we have called resting state (Figure 4D).

Notably, the first small a helix of the RAD21N HelD, composed

of residues 13–23, packs against the SMC3 GD. Following this

helix, RAD21N K25 and K26 side chains interact, respectively,

with the SMC3 GD D120 and D92 side chains. In addition, the

R54 guanidino group makes several interactions with the

SMC3 GD, notably with the acidic patch formed by the side

chains of S131, S133, and D1135 (Figure 4D). In the clamped

state, the RAD21N HelD is positioned above the SMC3 GD,

both domains only forming a single contact through the interac-

tion established between the RAD21N R54 side chain and the
Cell Reports 43, 114656, September 24, 2024 5



Figure 3. Specific conformational dynamics of SMC3-HD

(A) Superposition of the SMC3CC/RAD21N structures in various nucleotide-binding states (apo, ADP-bound, and ATPgS-bound).

(B) Close up on the ATP-binding site of the structures shown in (A).

(C) Conformational changes of SMC3-HD upon formation of the clamped complex.

(D) Multiple specific changes in SMC3-HD induced by the formation of the clamped complex.
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SMC3 N123 main chain carbonyl (Figure 4E). In addition, the

RAD21N HelD interacts with the bound DNA through electro-

static interactions and direct contacts, such as those that can

be formed by RAD21N K25 and K26 with the DNA phosphate

backbone.10
6 Cell Reports 43, 114656, September 24, 2024
Importantly, the position of RAD21N in the resting state,

notably its long a helix interacting with the SMC3 CC, is

not compatible with the forward movement of the SMC3

second signature-coupling helix that occurs upon

leverage (Figure 4F). Therefore, SMC3 is kept in its resting



Figure 4. The SMC3-HD/RAD21N complex adopts a stable resting state

(A) Comparison of the structures of the isolated SMC3-HD/RAD21N complex with that in the clamped conformation.

(B) Structure of the SMC3-HD/RAD21N complex in its resting state showing the positioning of the RAD21N HelD domain at the interface between the RecA lobe

and the helical lobe of the SMC3-HD.

(C) Same as in (B) for the SMC3-HD/RAD21N complex in its clamped conformation.

(D) Interactions made by the RAD21N HelD domain with the SMC3 GD in the resting state.

(E) Interactions made by the RAD21N HelD domain with the SMC3 GD and the DNA in the clamped complex.

(F) Steric clashes (circled) between the SMC3-HD second signature-coupling helix in the clamped conformation and the RAD21N long a helix paralleling the

SMC3-HD CC in the resting state.
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state through stabilization of the RAD21N HelD onto the

SMC3 GD.

ATP-dependent engagement of the SMC1A- and SMC3-
HDs induces large conformational changes that do not
fully recapitulate those observed in the clamped state
To further characterize the cohesin ATPase cycle, we investi-

gated the conformational dynamics of the SMC1A- and SMC3-
HDs upon their ATP-dependent engagement. We first looked

at conditions causing stable HDs interaction by using size exclu-

sion chromatography, since weakly formed complexes cannot

resist the dilution conditions of this technique. Analytical ultra-

centrifugation was used to confirm the results obtained. Initial

analyses with the WT and EQ constructs revealed that only the

SMC1ACC-EQ/RAD21C and the SMC3CC-EQ/RAD21N mutant

complexes can stably associate when ATP is present (Figures 5A
Cell Reports 43, 114656, September 24, 2024 7



(legend on next page)

8 Cell Reports 43, 114656, September 24, 2024

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
and 5B). Injection of the two EQ mutants on the ATP-loaded

chromatographic column without preincubation with ATP was

sufficient to form the complex, demonstrating its rapid assembly

and stability. In contrast, combination of WT/WT, WT/EQ, and

EQ/WT complexes failed to provide a stably engaged ATPase

module in the presence of ATP (Figure S7A).

In addition, both size exclusion chromatography and analytical

ultracentrifugation showed that while ATP causes engagement,

ADP, ATPgS, and adenylyl-imidodiphosphate (AMP-PNP)

cannot (Figure S7B), in agreement with previous observations

on the yeast ATPase module.23 Moreover, we did not observe

a homodimerization of the independent SMC1ACC-EQ/

RAD21C and SMC3CC-EQ/RAD21N mutants in the presence

of ATP, demonstrating the specificity of the heterodimeric

engagement (Figure S7C). Mutants in the signature motifs

(SMC1A L1128V and SMC3 L1115V) and D-loops (SMC1A

D1163E and SMC3 D1150E) have previously been shown, like

the EQ mutants, to have low ATPase activity and to enable

engagement.26,56,57 However, no combination of these mutants

yielded stable engagement in our experimental conditions

(Figure S7D).

We used our stable engaged ATPase module for structural an-

alyses. Crystallization attempts of the complex only yielded

poorly diffracting crystals, and cryoelectron microscopy (cryo-

EM) was used instead. Processing of the collected data yielded

two cryo-EMmaps at 3.6 and 4.4 Å resolution, both representing

engaged complexes (Figure S8). Local resolution estimations

(Figures S9A and S9B) showed that the GDs were better defined

in both maps than the proximal coiled coils, suggesting a higher

mobility of the latter, in agreement with previous cryo-EM

works.10–14 The best-resolved 3.6-Å map was used to solve

the structure of the engaged human cohesin ATPase module.

We established a first model of this module by fitting our high-

resolution crystallographic structures into this map. This model

was further refined by cycles of manual building and automatic

real space refinement (Figures 5C and S9; Table S5).

The refined structure of the engaged human cohesin ATPase

module shows strong similarities to that in the clamped state.

Notably, upon engagement, both SMC1A- and SMC3-HDs un-
Figure 5. ATP-dependent engagement of the SMC1A- and SMC3-HDs

subcomplex

(A) Size exclusion chromatographic profiles and associated SDS-PAGE analyses

the absence (red) and the presence (orange) of ATP. All experiments were done

(B) Engagement analysis as in (A) using analytical ultracentrifugation velocity exp

(C) Structural model of the human engaged ATPase module displayed within the

(D) Superposition of the SMC1A-HDs of the engaged and clamped ATPase modu

that interacts with the C-terminal part of the hook domain of NIPBLScc2 takes pla

(E) Superposition of the SMC3-HDs of the engaged and clamped ATPase mod

complex that interacts with NIPBLScc2 takes place.

(F) Superposition of the engaged and clamped ATPase modules using the SMC1

NIPBLScc2 (yellow) binding to the F-loop are displayed. See also Figure S10A.

(G) Representation of the ATP-bindingmotifs forming the SMC1A composite ATPa

cryo-EM map.

(H) Same as in (G) for the SMC3 composite ATPase site.

(I) Quantification of crosslinked species for the SMC3CC-D192C/RAD21N-K26C p

SMC1ACC/RAD21C, ATP, and DNA is indicated below the graph. Experiments w

center) or without EQ mutants (right). Experiments were also done using RAD21N

SD. All measurements were made in technical or biological triplicate.
dergo lever effects that release them from their specific relaxed

conformations (Figures 5D and 5E). In addition, engagement re-

positions the SMC1A F-loop, the SMC1A and SMC3 signature

motifs, and the SMC3 wedge element and R-loop similarly as

in the clamped state. Therefore, several of the structural rear-

rangements observed in the ATPase module in the clamped

state are already occurring at the engagement stage.

However, despite these similarities, the structures of the

engaged and clamped ATPase modules also show major differ-

ences. Notably, comparison of the heterodimerized ATPase

modules reveals that whereas ATP binding is retained at both

ATPase sites, the interaction between both HDs is tighter in

the engaged complex than in the clamped complex. Specifically,

the superposition of these complexes using the SMC1A-HD for

fitting reveals a displacement by 2–3 Å of the SMC3-HD when

comparing the engaged complex with the clamped complex

(Figures 5F and S10A). Specifically, the central domain of

NIPBLScc2, when bound to the SMC1A F-loop in the clamped

state, is positioned at the interface between both HDs. Structural

comparison shows that the accommodation of NIPBLScc2 at this

interface requires significant structural rearrangements, sug-

gesting that the observed SMC3-HD displacement is due to ste-

ric hindrances caused upon NIPBLScc2 binding.

This displacement does not cause loss of ATP at both ATPase

sites and is enabled by significant changes within the complete

SMC1A-HD/SMC3-HD interface, including the repositioning

with respect to each other of the composite ATP-binding/hydro-

lysismotifs forming both sites. In the engaged complex, the posi-

tioning of these motifs appears to enable the SMC1A Q-loop

Q137 side chain to adopt two different rotamer conformations,

either turned toward the ATP molecule and the magnesium ion

or toward the SMC1A E1157Q residue (Figure 5G). In the case

of SMC3, while the Q141 side chain is now turned toward the

ATPase site, the ATP g-phosphate group appears imperfectly

positioned to interact stably with this residue due to a void

created between the ATP-binding motifs and within which the

g-phosphate of the bound ATP molecule can move (Figure 5H).

These features could contribute to the moderate ATPase activity

that we measured for the engaged ATPase module.
yields an engaged ATPase module with a flexible SMC3-CC/RAD21N

of the mixed SMC1ACC-EQ/RAD21C and SMC3CC-EQ/RAD21N mutants in

in biological duplicate or triplicate. Asterisk, degradation products.

eriments. All experiments were done in biological duplicate.

3.6-Å resolution cryo-EM map.

les. In the clamped state, a stabilization of the upper region of the SMC1A CC

ce.

ules. In the clamped state, a stabilization of the full SMC3-CC/RAD21N sub-

A-HD as reference. For clarity, only the engaged SMC1A-HD and the region of

se active site and of the bound ATPmolecule andMg ion displayed in the 3.6-Å

air in experiments performed at room temperature. The supplementation of the

ere done either with SMC1A- and SMC3-HDs harboring EQ mutants (left and

deleted from its first 21 residues (center). The data are represented as mean ±
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Engagement induces an oscillation of the SMC3-CC/
RAD21N subcomplex
Our structural comparison between the engaged and clamped

complexes also reveals major differences for the SMC1A and

SMC3 CCs. In the case of the SMC1A-HD, three to five helical

turns within each helix of its proximal CC are stabilized in the

clamped complex; these are otherwise disordered in our cryo-

EM map of the engaged ATPase module (Figure 5D). This stabi-

lized region of the SMC1A CC is that interacting directly with

NIPBLScc2 in the clamped complex. The difference is even larger

in the case of the SMC3-HD since, in our cryo-EM map, there is

an absence of density for the SMC3-CC/RAD21N subcomplex.

Specifically, the density for the SMC3 CC is lost where this CC

is kinked in our crystallographic structures (Figures 5C and 5E).

The absence of a resting state for the SMC3-CC/RAD21N sub-

complex in the engaged ATPasemodule agreeswith the fact that

the lever effect is incompatible with the resting state of the

SMC3-HD (Figure 4F). This suggests that engagement releases

the resting state of the SMC3-HD through the repositioning of

the SMC3 second signature-coupling helix upon leverage. This

release of the resting state does not cause, however, a straight-

ening of the SMC3CC that would enable the SMC3-HD/RAD21N

complex to adopt a conformation similar to that observed in the

clamped state (Figure 5E), suggesting that the SMC3-CC/

RAD21N subcomplex oscillates between these conformations.

To investigate this dynamic of the SMC3-CC/RAD21N sub-

complex upon engagement, we have performed site-specific

crosslinking experiments in solution between the SMC3 GD

and RAD21N. Based on our structures and the structure of the

clamped complex, we identified two pairs of residues in the

SMC3 GD and in RAD21N (SMC3CC-D120/RAD21N-K25 and

SMC3-D92/RAD21N-K26) that could be used for these experi-

ments (Figures 4D and 4E). These residues, when mutated to

cysteines, are well positioned for crosslinking with bis-maleimi-

doethane (BMOE) in a conformation close to the resting state

(8.5 and 9.5 Å, respectively) but not in the clamped state

(14.0 Å and 25.0 Å, respectively).

Crosslinking experiments with the SMC3CC-D120C (EQ

mutant)/RAD21N-K25C complex gave a robust crosslinking

(>40%–50%; Figures S11A–S11D). The amounts of crosslink

were, however, not significantly modified in the presence of

SMC1A (EQ mutant) alone, with ATP, or with ATP and DNA.

We reasoned that this could be due to the insufficient amplitude

of the oscillation of the SMC3-CC/RAD21N subcomplex

(maximal distance of 14 Å) that keeps the cysteine residues at

crosslinking distance. Accordingly, using the SMC3CC-D92C

(EQ mutant)/RAD21N-K26C complex, where the distance be-

tween the crosslinking residues increases more rapidly upon

oscillation (maximal distance of 25.0 Å), significant differences

in crosslinking were observed. Notably, lower amounts of cross-

linked species were initially observed that increased with time,

but only in the presence of SMC1A (EQ mutant) supplemented

with either ATP or ATP and DNA (Figures 5I, S11A, S11B,

S11E, and S11F). This suggested that loss of crosslinking only

occurs when the resting state of the SMC3-HD/RAD21N com-

plex is lost upon engagement.

We confirmed this hypothesis by using a SMC3-HD/RAD21N

complex impaired in forming the resting state upon deletion of
10 Cell Reports 43, 114656, September 24, 2024
the 21 first residues of RAD21N. In this case, a reduction of the

crosslink amounts was already observed for the SMC3-HD/

RAD21N complex alone, and these amounts did not increase

significantly with time (Figure 5I). Crosslinking was also per-

formed using SMC1A- and SMC3-HDs that do not harbor EQ

mutations, enabling ATP hydrolysis, disengagement, and resting

state formation several times between our measurement time

points. In this case, the crosslink amounts were slightly

increased in all conditions and the reduction in crosslink

amounts as well as their time dependence in the presence of

SMC1A and ATP disappeared (Figure 5I). Collectively, our cross-

linking results agree with a release of the resting state of the

SMC3-HD/RAD21N complex upon engagement with a subse-

quent oscillation of the SMC3-CC/RAD21N subcomplex.

Opening of the SMC3-HD/RAD21N interface keeps
engagement but stiffens the SMC3 CC and positions the
SMC1A and SMC3 CCs in the ATPase module DNA-
binding chamber
We then used our 4.4-Å resolution cryo-EMmap for model build-

ing. This map showed density for the SMC3 CC emerging from

the SMC3 GD but not for RAD21N. We fitted our 3.6-Å resolution

engaged ATPase module structure into this map, added the

SMC3 CC, and performed cycles of main chain manual modifi-

cation and automatic real space refinement to obtain a structural

model that enabled the identification of the positions of second-

ary structure elements (Figures 6A and S9; Table S5). Despite the

medium resolution and a significant flexibility of the CCs, the

modeling agreed with the presence of a structured SMC3 CC

but not of RAD21N. Due to the lack of RAD21N, we termed

open-engaged this second complex of the human ATPase mod-

ule. Structural comparison showed that our human open-

engaged complex is similar to the yeast ATPase module lacking

Scc1N, where the Smc3 CC also adopts a stable conformation,

thus confirming our observations.13

Comparison of our engaged and open-engaged complexes

revealed major differences. Notably, both lever effects are lost

in the open-engaged complex. Consequently, the SMC1A and

SMC3 second signature helices make backward movements in

the open-engaged complex compared to the engaged complex

(Figures 6B and 6C). These movements are due to the back

sliding of the SMC1A and SMC3 helical lobes with respect to

their RecA lobes. In the case of SMC1A, the resulting open-

engaged SMC1A-HD/RAD21C complex adopts a structure

similar to that of the non-engaged SMC1A-HD/RAD21C com-

plex in its relaxed state when bound to ATPgS (Figure 6D). In

this conformation, the rotational movement of the SMC1A CC

from its central position, observed in the apo and the engaged/

clamped structures of the SMC1A-HD, toward the RecA lobe

moves this CC toward the ATPase module DNA-binding

chamber.

In the case of the open-engaged SMC3-HD, its GD also

adopts a relaxed conformation similar to that observed in the iso-

lated SMC3-HD/RAD21N complex (Figure 6E). However, the

open-engaged SMC3 CC does not adopt a resting state confor-

mation. Rather, upon the loss of RAD21N, the SMC3 CC

emerging from the SMC3 GD is locked in a stiff conformation

and makes an �90� angle compared to that in the resting state



Figure 6. Opening of the SMC3-CC/RAD21N interface keeps the ATP gate shut but causes the stiffening of the SMC3 CC that constricts the

DNA-binding chamber of the cohesin ATPase module

(A) Structural model of the human open-engaged ATPase module displayed within the 4.4-Å resolution cryo-EM map.

(B) Superposition of the SMC1A-HDs of the engaged and open-engaged ATPase modules.

(C) Same as in (B) for the engaged and open-engaged SMC3-HDs.

(D) Superposition of the open-engaged SMC1A-HD/RAD21C complex with the ATPgS-bound isolated SMC1A-HD/RAD21C complex.

(E) Structural superposition of the resting (blue), engaged (green-cyan), open-engaged (violet), and clamped (light blue) SMC3-HD structures. For clarity, RAD21N

was removed, when applicable.

(F) Superposition of the clamped and open-engaged complexes showing the constriction of the DNA-binding chamber upon dissociation of the SMC3-HD/

RAD21N interface. See also Figure S14.

(G) Superposition of the engaged and open-engaged ATPasemodules using the SMC1A-HD as reference. For clarity, only the engaged SMC1A-HD is displayed.

See also Figure S10B.
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(Figure 6E). In this conformation, the open-engaged SMC3 CC is

also repositioned into the ATPase module DNA-binding cham-

ber. As such, the movements of both SMC1A and SMC3 prox-

imal coiled coils in the open-engaged state constricts the

ATPase module DNA-binding chamber (Figure 6F).

Despite the major structural rearrangements within both HDs,

engagement is maintained in the absence of RAD21N. In addi-

tion, specific features observed upon engagement, such as the

conformational rearrangement of the SMC3 wedge region and

R-loop, are kept in the open-engaged ATPasemodule. However,

to keep engagement, a major reorganization of the SMC1A-HD/

SMC3-HD interface occurs that is even larger than the one

observed between the engaged and clamped ATPase modules
(Figures 6G and S10B). This reorganization appears to further

offset the ATP-binding/hydrolysis motifs with respect to each

other.

The SMC3-HD/RAD21N interface including its RAD21N
HelD domain are functionally important in vertebrates
Our different results have suggested an important role for the full

N-terminal domain of RAD21 during the human cohesin ATPase

cycle. Whereas the functional importance of the long RAD21N a

helix that binds to the SMC3CC and enables the formation of the

SMC3-HD/RAD21 interface has already been demonstrated,

less is known about the functional importance of the RAD21N

HelD domain. Sequence comparison shows that this domain is
Cell Reports 43, 114656, September 24, 2024 11
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highly conserved in vertebrates (99% sequence identity) (Fig-

ure S3), suggesting that the role of the RAD21N HelD is

conserved in these organisms.

To assess the functional importance of the RAD21N HelD re-

gion in vertebrates, we obtained a characterized rad21a zebra-

fish mutant line,58 which we used to evaluate the effect of trun-

cating various parts of the RAD21N region. Homozygous

mutant larvae exhibited microcephaly, large pericardial edema,

and curved bodies at 3 days post-fertilization (dpf), which

mirrored clinical features of the CdLS (Figures 7A and S12).59

These phenotypeswere specific and could be rescued efficiently

upon injection of 200 pg WT zebrafish full-length rad21a mRNA

(Figures 7A–7C and S12).

To test the requirement of the RAD21 HelD domain in cohesin

function, and notably of its N-terminal helix that enables the

resting state conformation of the SMC3-HD, we injected a

mutant mRNA that did not code for the first 21 amino acids of

RAD21 (RAD21-D21) into homozygous mutant eggs. The

RAD21-D21 mRNA failed to rescue the rad21a�/� phenotypes

compared to the WT mRNA (Figures 7B, 7C, and S12). Specif-

ically, body curvature, eye diameter (as a readout for micro-

cephaly), and pericardial edema of RAD21-D21-injected larvae

were affected indistinguishably from non-injected rad21a homo-

zygous mutant larvae, suggesting that RAD21-D21 acts as a

loss-of-function allele. The loss of rescue observed with the

RAD21-D21 mRNA indicated that the absence of the first 21 res-

idues induces a loss of function of rad21a, thus confirming the

critical role of the RAD21 HelD domain for cohesin function in

vertebrates.

We made a comparative analysis with a rad21amRNA lacking

the full RAD21N region (RAD21-D87). This mutant, which should

prevent the formation of a functional cohesin complex in vivo by

destroying the SMC3-HD/RAD21N interface, led to an aggra-

vated phenotype rather than a rescued phenotype, as shown

by the gross observation of dead tissue in the head of homozy-

gous mutant embryos at 1 dpf, and developmental arrest. Simi-

larly, injection of the zebrafish RAD21-D87 mRNA into WT eggs

led to the same severe phenotype. The presence of dead cells

was confirmed by acridine orange staining of RAD21-D87

mRNA-injected embryos (Figure S12E). Accordingly, TUNEL

staining revealed a significant increase in the number of

apoptotic cells in the head compared to control embryos or em-

bryos injected with WT rad21a mRNA (Figure 7D).

To determine whether the RAD21-D87 mutant acts as a domi-

nant negative or a gain of function, we injected into WT eggs an

mRNA coding either for the RAD21-D87 alone or in combination

with an mRNA coding for the WT protein. Our data showed that

the phenotype induced by the RAD21-D87 mutant can be signif-

icantly rescued by the addition of WTmRNA, confirming that this

mutant is dominant negative (Figure S12F). Altogether, these

in vivo data suggest the essential function of RAD21N in verte-

brates, including its N-terminal HelD domain.

DISCUSSION

Themolecular mechanisms underlying the ATPase activity of co-

hesin have remained poorly understood. Here, we show that the

SMC1A- and SMC3-HDs undergo specific conformational
12 Cell Reports 43, 114656, September 24, 2024
movements along the cohesin ATPase cycle (Videos S1, S2,

and S3). These movements are notably driven by the reposition-

ing with respect to one another of the RecA lobe and helical lobe

of each HD, enabling both HDs to switch between relaxed and

engaged conformations. Nevertheless, many of our findings

also unravel conformational movements that are specific to

each HD, in agreement with their evolutionary divergence at

the sequence, structural, and functional levels.

Differences are already observed upon nucleotide binding to

the non-engaged HDs. This binding involves different thermody-

namic contributions (entropic for SMC1A and enthalpic for

SMC3) and cause specific rearrangements within both HDs.

Specifically, in the case of the SMC1A-HD, this includes a repo-

sitioning of its proximal CC in a nucleotide binding-dependent

manner that is linked to the movement of its two lobes with

respect to each other. The proximal CC of the SMC1A-HD ap-

pears, however, conformationally stable throughout the

ATPase cycle, as evidenced by our structural snapshots.

In contrast, the SMC3-HD proximal CC is little affected by

nucleotide binding but displays an intrinsic flexibility at its base

that enables it to adopt different conformations along the

ATPase cycle. Specifically, prior to engagement, the SMC3-HD

CC adopts a resting state through the interaction of the SMC3

GD and RAD21N. The ATP-dependent engagement of the

SMC1A- and SMC3-HDs to form the ATPase module causes

both HDs to move from their relaxed to their engaged conforma-

tions, which, in turn, forces the release of the resting state of the

SMC3-HD CC that becomes flexible. Upon opening of the

SMC3-HD/RAD21N interface, the SMC3-HD CC is stabilized

but adopts a specific conformation 90� away from that in the

resting state.

The flexibility of the SMC3-HDCCupon engagement suggests

that to form the clamped state, an important role of NIPBLScc2 is

to stabilize this CC. However, any intermediate conformation be-

tween the resting and clamped states of the SMC3-HDCC is ste-

rically incompatible with the position of the NIPBLScc2 nose in the

clamped state (Figure S13A). This suggests that the formation of

the clamped complex requires a conjoint movement of the

SMC3-CC/RAD21N subcomplex and of the NIPBLScc2 nose

(Video S3).

Another consequence of engagement is the repositioning and

conformational rearrangement of the F-loop that should favor

docking of NIPBLScc2. Although this docking could take place af-

ter the ATP-dependent engagement of the SMC1A- and SMC3-

HDs, it has been proposed that NIPBLScc2 bound to DNA first in-

teracts with the non-engaged SMC3-HD prior to engagement of

both HDs.51 The relaxed conformation of the non-engaged

SMC3-HD, including the resting state of the SMC3-CC/

RAD21N subcomplex, which displays a positively charged elec-

trostatic patch different from that observed in the clamped state

(Figures S13B and S13C), could serve as the specific docking

platform for the incoming NIPBLScc2/DNA complex. Subsequent

engagement with the oscillation of the SMC3-CC/RAD21N sub-

complex and the rearrangement of the F-loop could then facili-

tate the interaction of NIPBLScc2 with the SMC1A-HD to form

the clamped complex.

In the clamped state, the DNA lies on the positively charged pit

formed by the engaged SMC1A and SMC3GDs, the SMC1A and



Figure 7. Functional importance of the RAD21N HelD domain and of the SMC3-HD/RAD21N interface in the zebrafish

(A) From left to right, representative lateral images of zebrafish control rad21a+/+, homozygous mutant rad21ahi2529Tg/hi2529Tg, and homozygous mutant ra-

d21ahi2529Tg/hi2529Tg larvae rescuedwith 200 pgmRNA encodingWT full-lengthDanio rerio rad21a at 3 dpf. Scale bar, 0.5mm. Asterisk indicates the presence of a

pericardial edema.

(B) Dot plots of the measurements of body curvature (degrees) and eye diameter (millimeters) for homozygous mutant rad21ahi2529Tg/hi2529Tg larvae injected with

sham or full-length WT D. rerio rad21a (RAD21 WT) or with the rad21amRNA lacking the first 21 residues (RAD21-D21). Statistical significance was assessed by

ANOVA followed by a Tukey’s test for post hoc analysis. All experiments were done in biological duplicate. The p values are indicated on the graphs. N cor-

responds to the number of embryos per condition.

(C) Bar graph showing the presence of pericardial edema for homozygousmutant rad21ahi2529Tg/hi2529Tg larvae injectedwith shamor full-lengthWTD. rerio rad21a

(RAD21 WT) or with the rad21a mRNA lacking the first 21 residues (RAD21-D21). Larvae were binned into three categories: severe, mild, or absent (none).

Statistical significance was assessed by a Fisher’s exact test. All experiments were done in biological duplicate. The p values are indicated on the graphs. N

corresponds to the number of embryos per condition.

(D) From left to right, representative lateral images of uninjected WT larvae (shown as Control) and WT larvae injected at 1 dpf with either full-length WT D. rerio

rad21a (RAD21 WT) or a rad21a mRNA that do not code for the first 87 residues (RAD21-D87). The dot plot represents the number of TUNEL+ dots in the

highlighted brain area (dotted line on the images) for the three conditions. A t test was conducted between pairs of conditions to determine significance. The p

values are indicated on the graphs. The TUNEL experiments were done in biological duplicate. N corresponds to the number of embryos per condition. Scale bar,

0.1 mm; ns, non-significant.
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SMC3 proximal CCs forming thewalls of the DNA-binding cham-

ber (Figure S13D).10–12 Whereas the SMC3 CC and the RAD21N

HelD display a high positive charge that contributes to the elec-

trostatic binding of the DNA, the SMC1A CC shows no strong

electrostatic potential and appears mainly to act as a rigid wall

to keep the DNA in its binding chamber.

Upon engagement, the oscillation of the SMC3 CC/RAD21N

subcomplex is expected to cause a widening of the DNA-bind-

ing chamber that should facilitate DNA entry and positioning

into this chamber (Figure S13E). Notably, the specific confor-

mational rearrangements of the SMC1A- and SMC3-HDs

upon engagement are concerted and enable the formation of

the DNA-binding chamber (Video S3). In the clamped state

the DNA is also responsible for the correct positioning of the

NIPBLScc2 nose, suggesting that the DNA is an actor of its

own entrapment.

Dissociation of RAD21N from the ATPase module has a stabi-

lizing effect for the SMC3 CC that becomes positioned within the

DNA-binding chamber of the ATPase module. RAD21N loss also

causes both SMC1A- and SMC3-HDs to come back to their

relaxed conformation, which also moves the SMC1A CC toward

the DNA-binding chamber. The resulting chamber displays a

reduced positive charge (Figure S13F) and is constricted due

to the positioning of the SMC1A and SMC3 CCs. This constric-

tion is poorly compatible with DNA binding (Video S3). Impor-

tantly, the fitting of our human open-engaged structure within

the cryo-EM map of the full-length ATP-engaged S. cerevisiae

core cohesin complex lacking Scc1 (EMBD: EMD-12889) reveals

that the conformation of the open-engaged SMC3 CC agrees

relatively well with the cryo-EM density, in contrast to its resting

and clamped state conformations (Figure S14).

The yeast complex lacking Scc1 forms a compact and overall

rigid structure compared to other structures published.10–12,14

The SMC3-HD/RAD21N interface has been called the DNA exit

gate and its opening shown to allow the release of a topologically

entrapped DNA from the cohesin ring.20,26,28,37,39,41 Specifically,

entrapment of DNA has been shown to occur in the kleisin

compartment rather than in the SMC compartment.53 Opening

of the SMC3-HD/RAD21N interface could therefore cause the

release of the entrapped DNA, also forcing the SMC heterodimer

to adopt a tight conformation that is less prone to interactions

with DNA but also with NIPBLScc2 due to the relaxed conforma-

tion of the SMC1A-HD.

Our analyses have highlighted the importance of RAD21N,

including its HelD, for the specific conformational dynamics of

the SMC3-HD and cohesin ATPase module. Our in vivo experi-

ments in zebrafish confirm that RAD21N and its HelD domain

are functionally important, including the first 21 residues of

RAD21 that interact with the SMC3 GD in the resting state of

the SMC3-HD/RAD21N complex (Figure S15A). Previous work

also suggested a role for the first 20 amino acids of RAD21 in

its interplay with PDS5 and WAPL.31 The HelD domain is also

involved in the formation of the clamped state, both in human

and in Schizosaccharomyces pombe (Figures S15B and

S15C).10,12 Curiously, the HelD domain is less structured in

S. cerevisiae (Figures S15D and S15E).6,11 This suggests that

the Smc3-HD/Scc1N complex could be less prone to adopt a

resting state. Interestingly, in the paralogous condensin com-
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plex, a HelD is also present in the CAP-HBrn1 kleisin, and current

structural data suggest that it could also play a similar role to that

of cohesin during the condensin ATPase cycle.60–63

Finally, our study reveals the high plasticity of the ATP inter-

face between the SMC1A- and SMC3-HDs that enables these

HDs to remain engaged while undergoing major structural re-

arrangements. Specifically, in comparison to the engaged

state, NIPBLScc2 binding or loss of RAD21N cause important

and distinct reorganizations of the ATPase module and of

the SMC1A-HD/SMC3-HD interface without, however,

causing the opening of the ATP gate. The modular nature of

both ATP-binding sites, which are formed by small motifs

whose positioning relative to one another can be varied, ap-

pears essential to allow this plasticity, potentially providing a

way of regulating the cohesin ATPase activity. In contrast,

the hydrolysis of ATP into ADP cannot support engagement,

highlighting the importance of the ATP g-phosphate to keep

the heterodimeric engagement of both HDs. As such, our re-

sults suggest that the ATP gate can be kept closed in a low

ATPase activity conformation through specific regulatory

mechanisms. In this respect, the cohesin ATPase cycle can

be divided in two potentially independent steps: an ATP-

dependent engagement with formation of the ATP gate and

an ATP hydrolysis-dependent disengagement causing the

opening of the ATP gate.
Limitations of the study
The conclusions drawn from our structural analyses may have

been impacted by the influence of crystal packing and cryo-

EM sample preparation as well as the resolution obtained for

some structures. In addition, to study in precise molecular terms

the conformational dynamic of the cohesin SMC1A- and SMC3-

HDs during the ATPase cycle, our work has focused on the iso-

lated SMC1A- and SMC3-HDs and cohesin ATPasemodule. Our

study has therefore left aside the analysis of the influence of the

cohesin arms and of the numerous cohesin regulators, including

NIPBL, on this cycle, which remain to be investigated.
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(INSERM), was supported by the INRT LabEx (ANR-10-LABX-030-INRT),

IdEx Unistra (ANR-10-IDEX-0002), SFRI-STRAT’US project (ANR-20-SFRI-

0012), and EUR IMCBio (ANR-17-EURE-0023) under the framework of the

France 2030 Program. The cryo-electron microscope Glacios was co-

financed by the European Union, with the European Regional Development

Fund, the Strasbourg Eurometropole, and the French Infrastructure for Inte-

grated Structural Biology (FRISBI; ANR-10-INBS-0005-01). This work was

supported by the Agence Nationale de la Recherche (ANR-17-CE12-0006,

ANR-21-CE12-0026, ANR-23-CE11-0019), the Fondation Association pour

la Recherche sur le Cancer (ARCPJA20181208268, ARCPJA2021060003715,

DOC20180507150), the Fondation pour la Recherche Médicale

(FDT202106012973), and institutional funds from the CNRS, INSERM, and

University of Strasbourg.

AUTHOR CONTRIBUTIONS

M.V.G., P.L., T.B.S., E.T., C.D., and M.-L.D.-D. made the clones and purified

the proteins. M.V.G. and P.L. performed the ATPase assays. M.-L.D.-D. and

M.V.G. performed the crosslinking experiments. K.B. and E.E. collected the

ITC data. M.V.G., T.B.S., and C.R. performed the crystallographic analyses.

P.L., A.D., C.R., and M.-L.D.-D. performed the cryo-EM analyses. M.-L.D.-

D., C.W., L.D., M.V.L., and C.G. performed the zebrafish analyses. M.V.G.,

P.L., M.-L.D.-D., T.B.S., A.D., E.E., C.G., and C.R. planned the experiments.

All authors analyzed and discussed the data. C.R. wrote the manuscript,

and all authors commented on the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include

the following:

d KEY RESOURCES TABLE

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

d METHOD DETAILS
B Cloning

B Protein complexes production and purification

B ATPase assays

B Isothermal titration calorimetry measurements

B Crystallizations

B Crystallographic structure determination, model building and

refinement

B Reconstitution of the ATP-engaged ATPase module by size exclu-

sion chromatography

B Reconstitution of the ATP-engaged ATPase module by analytical

ultracentrifugation (AUC) experiments

B Cryo-electron microscopy sample preparation and data acquisition

B Cryo-electron microscopy data processing, model building and

refinement

B Cross-linking experiments
B Zebrafish mutant line, in vivo complementation experiments and

whole-mount immunostaining

B Structural data

B Generation of the graphical supports

d QUANTIFICATION AND STATISTICAL ANALYSIS
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

celrep.2024.114656.

A video abstract is available at https://doi.org/10.1016/j.celrep.2024.

114656#mmc5.

Received: December 15, 2023

Revised: June 17, 2024

Accepted: August 2, 2024

REFERENCES

1. Davidson, I.F., and Peters, J.M. (2021). Genome folding through loop

extrusion by SMC complexes. Nat. Rev. Mol. Cell Biol. 22, 445–464.

https://doi.org/10.1038/s41580-021-00349-7.

2. Haering, C.H., and Gruber, S. (2016). Snapshot: SMC protein complexes

Part I. Cell 164, 326–326.e1. https://doi.org/10.1016/j.cell.2015.12.026.

3. Yatskevich, S., Rhodes, J., and Nasmyth, K. (2019). Organization of Chro-

mosomal DNA by SMC Complexes. Annu. Rev. Genet. 53, 445–482.

https://doi.org/10.1146/annurev-genet-112618-043633.
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8roh, 8roi, 8roj, 8rok,
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Resource Center (ZIRC)

Cat#ZL-1
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pCS2 In-house N/A

Software and algorithms

AFFINImeter Affinimeter N/A

FIJI N/A Schindelin et al.65

XDS N/A Kabsch et al.66

CCP4 suite N/A Collaborative Computational

Project Number 467
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SEDFIT N/A Schuck et al.73

GUSSI N/A Brautigam et al.74

SERIALEM N/A Mastronarde et al.75

CRYOSPARC Structura Biotechnology N/A

RELION N/A Scheres et al.76

UCSF CHIMERA 1.15 N/A Pettersen et al.77
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https://www.r-project.org/

PYMOL Schrödinger https://pymol.org/
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Hiload 16/60 Superdex 200 pg Dominique Dutscher Cat# 17-1069-01

Amicon ultra-0,5 Ultracel-30 membrane 30 kDa Dominique Dutscher Cat# 051852

Swissci 96-Well MRC Maxi Optimization Plates Molecular Dimensions Cat# MD11-00-10

Cryo-EM grids N/A Meyerson et al.78
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The Escherichia coliBL21(DE3) bacterial strain used in this study is a commercially available E. coli strain that is required for the use of

our pET-MCN vector series and of pET vectors in general. This strain was used and maintained using standard conditions for our

study.

Zebrafish (Danio rerio) were raised andmaintained as previously described.79 Adult zebrafishwere raised in 15 L tanks containing a

maximum of 24 individuals, and under a 14 h–10 h light-dark cycle. The water had a temperature of 28.5�C and a conductivity of

200 mS and was continuously renewed. The fish were fed three times a day, with dry food and Artemia salina larvae. Embryos

were raised in E3medium, at 28.5�C, under constant darkness. ABwildtype andmutant rad21ahi2529Tg/+ fish lines reproduce normally

and rad21a homozygote mutants were recovered in expected Mendelian ratio. Homozygous rad21ahi2529Tg/hi2529Tg were not viable

after 4 dpf. Developmental stages of zebrafish embryos and larvae are indicated in the text and figures. For zebrafish embryos and

larvae, both males and females were used since the sex can only be determined at 2 months of age. All animal experiments were

carried out according to the guidelines of the Ethics Committee of IGBMCand ethical approval was obtained from the FrenchMinistry

of Higher Education and Research under the number APAFIS#15025–2018041616344504.
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METHOD DETAILS

Cloning
The SMC1A and SMC3 ATPase head domain (HD) constructs were generated by PCR using the full length human smc1a and smc3

genes as templates. Specifically, short (SMC1ACCsh), up to the joint element (SMC1ACC and SMC3CC), and including the joint

element (SMC1AJ and SMC3J) constructs weremade (Figures 1A, S1 and S2). The sequences coding for the hinges and for the distal

coiled-coils were replaced by sequences coding for a short protein linker (either ESSKHPASLVPRGS or GSGSLVPRGSGS), as pre-

viously reported.6,8 The RAD21N and RAD21C constructs were generated by PCR using the full length human rad21 gene as tem-

plate. Point mutations were introduced into the constructions using rolling circle or nested PCR strategies. The constructs were

cloned by Gibson assembly into bacterial pET-MCN co-expression vectors64,80–82 to code either for native SMC1A-HD

(SMC1ACCsh, SMC1ACC, SMC1AJ constructs) and SMC3-HD (SMC3CC and SMC3J constructs) or for RAD21 constructs

(RAD21N and RAD21C) followed by a 3C protease cleavage site and a 10xhistidine fusion tag. Mini-expression tests showed that

none of the constructs were soluble on their own. Co-expressions of the SMC1A-HD and RAD21C constructs and of the SMC3-

HD and RAD21N constructs led however to soluble complexes, with the exception of the SMC1AJ/RAD21C complex that was poorly

soluble.

Protein complexes production and purification
The same large-scale overproduction and purification methods have been used for all protein complexes, unless stated. The

SMC1A- or SMC3-HDs-coding plasmids were respectively co-transformed with the RAD21C- or RAD21N-coding plasmids into

chemically competent Escherichia coli BL21(DE3) cells. Co-transformed cells were selected using the appropriate antibiotics. Col-

onies were used to inoculate large cultures of 2x LBmedium that were grown for 6 h at 37�C. Protein expression was induced at 25�C
by the addition of a final concentration of 0.7 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG), and cells were further grown over-

night at 25�C. Culture media were discarded after centrifugation and the bacterial pellets from 3 L of culture were resuspended with

30 mL lysis buffer containing either 200 mM or 500 mM NaCl and 10 mM Tris-HCl pH 8.0. Pellets were stored at �20�C until

further use.

After sonication, lysate clarification was performed by centrifugation (1 h at 17,000 rpm). The recombinant SMC1A-HD/RAD21C

andSMC3-HD/RAD21N protein complexes were then purified by affinity chromatography using the 10xHis purification tag on RAD21

by incubating the cleared lysates with TALON Metal Affinity Resin. The purification tag was then removed on the affinity beads by

overnight 3C protease digestion at 4�C. Removal of nucleic acid contaminants was performed using 1 mL or 5 mL HiTrap Heparin

column and eluted using a NaCl gradient from 50 mM to 1 M. Peak fractions containing the protein complexes were pooled and

further purified by size exclusion chromatography using a Hiload 16/60 Superdex 200 pg column equilibrated with a buffer containing

200 mMNaCl, 10 mM Tris-HCl pH 8.0, 2 mMMgCl2 and either 1 mM TCEP (samples for crystallization and ITC assays) or 2 mM DTT

(samples for ATPase assays). The main peak fractions with the protein complexes were pooled, concentrated with AMICON Ultra

concentrator filters, and either used immediately or frozen in liquid nitrogen and stored at �80�C for later use.

ATPase assays
The ATPase activity of wildtype andmutant SMC1A-HD/RAD21C and SMC3-HD/RAD21N complex was assayed using the EnzChek

Phosphate Assay Kit. For these assays, each protein sample (final concentration of 10 mM) was incubated with 1mMATP. After addi-

tion of ATP, the ATP hydrolysis activity was immediately assessed at 30�C, bymeasuring the absorbance at 360 nm every 42 s for 2 h,

using a spectrophotometer plate reader (TECAN). The ATPase activities, expressed in Pi molecules released per dimer and per min-

ute shown in the figures were calculated in the linear range of the curves. These experiments have been performed in technical and

biological triplicates.

Isothermal titration calorimetry measurements
For ITC measurements, ATP, ATPgS or ADP were dissolved at a final concentration of 4 mM into the protein gel filtration buffer

(200 mM NaCl, 10 mM Tris-HCl pH 8.0, 2 mM MgCl2 and 1 mM TCEP). Each nucleotide was injected into 189 to 330 mM of either

the wildtype or the EQ-mutant SMC1ACC/RAD21C or SMC3CC/RAD21N complexes, respectively. ITC measurements were per-

formed at 5�C using a PEAQ-ITCmicrocalorimeter (Malvern Panalytical). ITC data were then corrected for the dilution heat generated

by the injection of the buffer into the protein sample and of the nucleotide sample into the buffer.

ITC data were then fitted using the AFFINImeter analysis software. In most measurements, a single binding event was observed

and processing was performed for a single binding event, which gave a good fitting of the experimental data. In the case of the

SMC3CC/RAD21N complex two events were observed and the processing was made with a two binding events model. Since

ADP binding to this complex led to a single event, we reasoned that the second binding event could be due to a homodimerization

at high concentration of the SMC3CC/RAD21N complex in the presence of ATP and ATPgS.We therefore processed the ITC data for

SMC3 with a model including two consecutive binding events: an initial ATP-binding event followed by a homodimerization event.

This model gave a good fitting of the experimental data and yielded one Kd in the mM range and another in the low nM range for
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the two events. Since the measured Kd of ADP for SMC3CC/RAD21N was in the mM range, we assumed that the Kd of ATP and

ATPgS for the same complex also corresponded to the higher measured Kd. All measured thermodynamic parameters are given

in Table S1.

Plots were made for each measurement to compare the entropic (e.g., change in the degree of disorder of the system) and en-

thalpic (e.g., relative strengths of the attractive and repulsive forces between the interacting molecules such as hydrogen bonds,

van der Waals forces, Coulomb forces) contributions for each HD/nucleotide complex.

Crystallizations
Initial crystallization assays were carried out with commercial crystallization screens in swissci 96-Well 3-Drop MRC crystallization

plates. Crystals were grown using the sitting-drop vapor-diffusion method at 4, 20�C and 27�C. Briefly, 200 nL of 4–15mg/mL protein

sample were mixed with 200 nL of reservoir solution. Several conditions from the commercial crystallization screens PACT, JCSG+,

Classics, WIZARD I and II, BCS and LFS yielded protein crystals within a few hours up to several weeks. Some of the crystals, espe-

cially those from the SMC3-HD/RAD21N complex, required extensive optimization to improve their stability and diffraction limit.

Selected crystals were cryo-protected with 20% (v/v) glycerol or 20% (v/v) PEG 200, then flash-cooled and stored into liquid nitrogen

until data collection. Crystallization conditions are provided in Tables S2, S3 and S4.

Crystallographic structure determination, model building and refinement
X-ray diffraction data were collected at the SOLEIL and SLS synchrotrons. High resolution diffraction data (ranging from 1.4 to 3.1 Å)

were obtained and processed by indexation, integration, and scaling within the XDS program. Data were merged using AIMLESS

from the CCP4 software suite. The various SMC1A-HD/RAD21C and SMC3-HD/RAD21N structures were solved by molecular

replacement using PHASERMRusing respectively the yeast Smc1-HD/Scc1C (PDB: 1w1w) and Smc3-HD/Scc1N (PDB: 4ux3) struc-

tures as models. The initial models were subsequently iteratively built manually within COOT and refined using PHENIX. All refined

models were verified with MOLPROBITY and showed good refinement statistics (Tables S2; S3; and S4).

Reconstitution of the ATP-engaged ATPase module by size exclusion chromatography
For the characterization of the stably engaged ATPase module by size exclusion chromatography, the WT or EQ independently pu-

rified SMC1ACC/RAD21C and SMC3CC/RAD21N complexes were supplemented or not with 0.5/1 mM of the different nucleotides

(ADP, ATP, ATPgS, AMP-PNP), diluted to a concentration of 50 mM, and loaded onto a Superdex S200 10/300 column equilibrated

with a buffer containing 200 mM NaCl, 10 mM Tris-HCl pH 8.0, 5 mM MgCl2 and 1 mM TCEP, either without nucleotide or supple-

mented with 0.5/1 mM of the chosen nucleotide. The experiments with the WT and EQ, LV and DE mutants were performed initially

using the same conditions but incorporating the SMC3J/RAD21N complex instead of the SMC3CC/RAD21N complex.

Reconstitution of the ATP-engaged ATPase module by analytical ultracentrifugation (AUC) experiments
Analytical ultracentrifugation sedimentation velocity experiments were performed with a ProteomeLab XL (Beckman Coulter) at 4�C
and 42,000 rpm with absorbance detection at 280 nm. Independently purified SMC1ACC-EQ/RAD21C and SMC3CC-EQ/RAD21N

complexes, stored in a buffer composed of 200 mM NaCl, 10 mM Tris-HCl pH 8.0, 5 mM MgCl2 and 1 mM TCEP, were diluted to a

final concentration of 1mg/mL for experiments with the homodimers or mixedwith a 1:0.9 ratio to a final concentration of 1mg/mL for

the heterodimers. ADP, ATP and low-hydrolysable ATP analogs (ATPgS, AMP-PNP) were added to the diluted samples at a concen-

tration of 0.5/1 mM prior to measurements. The A280 nm scans data were acquired at 9 min intervals for 24h. The SEDNTERP soft-

ware was used to estimate the partial specific volume of the protein (y), the density (r), and the viscosity (h) of the samples. Data were

analyzed in the SEDFIT software using the continuous c(s) distribution analysis. AUC graphs were rendered in the GUSSI software.

Cryo-electron microscopy sample preparation and data acquisition
For the preparation of the cryo-electron microscopy (cryo-EM) samples, the independently purified SMC1ACC-EQ/RAD21C and

SMC3CC-EQ/RAD21N samples were mixed with a 1:0.9 ratio and loaded onto a Hiload 16/60 Superdex 200 pg column (GE Health-

care) equilibrated with the purification buffer (200 mM NaCl, 10 mM Tris-HCl pH 8.0, 5 mM MgCl2 and 1 mM TCEP) supplemented

with 1 mM ATP. The engaged complex obtained from the most concentrated chromatographic fraction was diluted to 0.3 mg/mL. A

3 mL aliquot of the sample was applied onto C-flat, Gold or in-house PEGylated gold 1.2/1.3 grids. The grid was blotted for 4s (blot

force 5) and flash-frozen in liquid ethane using Vitrobot Mark IV (FEI) at 4�C and 100% humidity. Micrographs were acquired on a

Glacios Cryo-TEM operated at 200kV on a K2 Summit camera in counting mode. Automated data acquisition was carried out using

the SERIALEM software at a 45,000 magnification in a nanoprobe TEM mode, which yielded a pixel size of 0.901 Å. The defocus

range was set from �0.8 to �2.0 or �3.0. 40 movies frames were recorded at a dose rate of 7.4 electrons per Å2 per second to total

doses of 43.61 up to 63.85 e/Å2. A total of 11,313 micrographs were collected. Detailed collection data are provided in Table S5.

Cryo-electron microscopy data processing, model building and refinement
For all micrographs, motion-correction, dose-weighting and CTF estimation was performed in CRYOSPARC. Particles were picked

in CRYOSPARC using first a blob picker job, followed by 2D classification. Templates were selected for template-based picking in

Cryosparc, yielding a dataset of 7,098,916 particles. Subsequently, particles were extracted with a box size of 256 px and binned to
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128 px. Two rounds of 2D classification were performed to clean up the dataset, and 1,037,793 particles were kept and used to

generate 5 ab-initio maps. Three of these maps resembled to the engaged head model while the others two showed no particular

features. Two rounds of heterogeneous refinement (with a box size of 64 px) were performed on the 5 maps to further clean up

the dataset by keeping the particles belonging to the three recognizable classes generated by ab initio reconstruction. The remaining

652,840 particles were reextracted with a box size of 256 px and further cleaned up by two additional rounds of heterogeneous refine-

ment. Eventually, the 174,054 and 144,776 particles corresponding respectively to the two best models were used in a non-uni-

formed refinement job. However, the map of the second model showed a significant level of noise due possibly to over-refinement.

The corresponding particles andmetadata were therefore exported fromCRYOSPARC to RELION using the pyem conversion script.

These were then imported in RELION3 and a new 3D refinement was performed followed by postprocessing. This resulting map had

clearly improved details and no sign of over-refinement. The two cryo-EM maps issued from these different refinement steps have

resolutions of 3.6 Å (first model) and 4.4 Å (second model).

Model building was performed using our crystal structures of the SMC1ACC/RAD21C, SMC1ACCsh/RAD21C and SMC3CC/

RAD21N for docking into the 3.6 Å resolution cryo-EMmap using UCSF CHIMERA. After manual adjustments, real-space refinement

of the model was performed in PHENIX with secondary structure restraints, global minimization, morphing, and simulated annealing.

Themodel was then further improved by several cycles ofmanual building/adjustment in COOT and real space refinement in PHENIX.

Model validation was performed within COOT and with MOLPROBITY. This model was then used for docking into the cryo-EM map

at 4.4 Å resolution and this second model was modified and refined using the same procedures as the first one, its lower resolution

limiting modeling but enabling positioning of the secondary structure elements.

Of note, although particles corresponding to the engaged complex were observed in all collected datasets, those corresponding to

the open-engaged complex were found mostly in datasets recorded with copper and gold grids, but much less with PEGylated-gold

grids. This suggests that the loss of RAD21N was due to cryo-EM sample preparation, in agreement with the fact that this domain is

not lost during purification of the engaged complex in the presence of ATP.

Cross-linking experiments
For crosslinking experiments, all endogenous cysteines of the SMC1ACC, SMC3CC, RAD21N and RAD21C constructs were

mutated into serines to avoid initially observed unspecific crosslinking. The specific cysteines were then introduced in the

SMC3CC (D92C and D120C) and RAD21N (K25C or K26C) constructs. Both SMC1ACC and SMC3CC ATP hydrolysis competent

(E1157 and E1144) and impaired (E1157Q and E1144Q) complexes were used to investigate the effect of stable engagement. All

complexes used were purified following the standard protocol described above. The SMC3CC/RAD21N complexes were mixed

to a final concentration of 6 mM alone or in the presence of SMC1ACC/RAD21C (7 mM), ATP (20 mM), DNA (10 mM) and MgCl2
(40 mM). Reactions were incubated for 5 min on ice or at room temperature before addition of 0.5 mM BMOE or DMSO. The reaction

was quenched by addition of Laemmli buffer containing b-mercaptoethanol after 2, 5 and 10 min, and was further heated at 70�C for

5 min. The samples were loaded on acrylamide gel and band intensity was measured using FIJI. All experiments were performed in

triplicates.

Zebrafish mutant line, in vivo complementation experiments and whole-mount immunostaining
Zebrafish (Danio rerio) were raised and maintained as described.79 The mutant line rad21ahi2529Tg/+ (AB genetic background) was

obtained from the Zebrafish International Resource Center. The zebrafish line reproduces normally. The rad21a heterozygote mutant

exhibits no phenotype. The rad21a homozygote mutants died at 4 days post-fertilization (dpf) from severe pericardial edema. For this

study, viable heterozygous mutant adults were crossed and obtained larvae were individually scored and genotyped following the

procedure previously described.58 All the experiments were at least duplicated, all phenotypes were scored blind to the genotypes,

and all statistical analyses were performed using GRAPHPAD PRISM and R.

For wild-type (WT) and mutant rescue experiments, Danio rerio WT and truncated rad21a constructs were cloned into the pCS2

vector, sequenced and transcribed using the SP6mMessageMachine kit. 200 pgRNA (WT and/ormutants) were injected intomutant

orWT zebrafish embryos at the 1- to 2-cell stage. Eye diameter, body curvature and pericardial edemawere scored on injected larvae

at 3 dpf fixed in 4% paraformaldehyde (PFA) and washed in PBS-Tween 0.1%. Body curvature and eye diameter were measured

using FIJI and statistical differences were assessed using ANOVA followed by Tukey’s test for post-hoc analysis. For edema scoring,

embryos at 3 dpf were classified into three groups: none, mild, and severe based on the size of the edema compared with an age-

matched control group from the same clutch and a Fisher’s exact test was performed to determine significance.

For whole-mount TUNEL assay, apoptotic cell death in 1-day old zebrafish whole-mounts was detected according to a modifica-

tion of the ApopTag Fluorescein In Situ Apoptosis Detection Kit protocol. Dechorionated embryos were fixed in 4%PFA at 4�C over-

night and stored in 100%methanol at �20�C. After rehydration in PBS, embryos were digested with proteinase K (10 mg/ml) in PBS

for 5min at room temperature and washed 3 times in sterile water for 3 min each. Embryos were post-fixed with 4%PFA for 20min at

room temperature followed by a 10-min incubation in prechilled ethanol:acetic acid (2:1) at �20�C. Embryos were washed in PBS-

Tween 0.1% for 5 min, 3 times at room temperature. Incubation in equilibration buffer and further steps were followed according to

themanufacturer instructions. z stack image acquisition was performed using aMacroFluo ORCA Flash macroscope (Leica). TUNEL
Cell Reports 43, 114656, September 24, 2024 23



Article
ll

OPEN ACCESS
staining was quantified by counting positive cells/dots in zebrafish head (forebrain, midbrain, eyes). Counting was performed using

FIJI by combining automatic counting (ITCN plugin) with manual counting. Statistical differences were assessed with a t test with

Welch’s correction when necessary.

For acridine orange staining, one-day old embryos were dechorionated and incubated at 28�C for 30 min in E3 embryo medium

supplemented with 2 mg/mL acridine orange. After extensive washing, embryos were anesthetized with tricaine and z stack imaging

was performed with GFP green light excitation. Cell counting was performed with Fiji using the ITCN plugin. Statistical differences

were assessed with a t test with Welch’s correction when necessary.

Structural data
The structures described in this manuscript have been deposited under the following PDB codes: 8ro6, 8ro7, 8ro8, 8ro9, 8roa, 8rob,

8roc, 8rod, 8roe, 8rof, 8rog, 8roh, 8roi, 8roj, 8rok, 8rol, 8p0a, 8pq5.

Generation of the graphical supports
The figures have been generated with PYMOL, COOT, CHIMERA and GRAPHPAD PRISM. The videos have been generated with

CHIMERA.

QUANTIFICATION AND STATISTICAL ANALYSIS

We used GRAPHPAD PRISM to visualize data. Statistical analyses were performed using either GRAPHPAD PRISM or R. All exper-

iments from this study were performed at least on two biological replicates with at least 15 larvae per clutch. Adult zebrafish were

raised from three independent clutches. When two groups were compared, normality of the distribution was assessed by performing

a Shapiro-Wilk test. If the distribution was not normal, a Tukey test was conducted between pairs of conditions. If the distribution was

normal, an F-test was conducted between pairs of conditions to assess whether the variances could be considered equal. If the var-

iances were not statistically different, a Student’s t-test was conducted between pairs of conditions. If the variances were statistically

different, a Welch’s t test was conducted between pairs of conditions. On dot plots, unless otherwise specified, the individual mea-

surements are plotted, and the mean and standard deviation are represented. For qualitative data (e.g., classes based on the pres-

ence of cardiac edema), a Fisher’s exact test was conducted between pairs of conditions to assess whether the distribution of

samples in the different categories was significantly different. Two groups were considered statistically different if p-value <0.05.

No data were excluded from analyses, unless otherwise specified in the results. Further quantification methodologies, details of spe-

cific statistical tests and statistical software used are included under the relevant subsections of the Methods details section and in

figures and figure legends.
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