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Summary 

The Cohesin complex is key to eukaryotic genomes organization. ATP binding and hydrolysis are 

essential to Cohesin functions, but the molecular mechanisms underlying Cohesin ATPase activity 

remain poorly understood. We characterized distinct steps of the human Cohesin ATPase cycle. Non-

engaged SMC1A and SMC3 ATPase domains adopt specific inactive conformations caused by a SMC1A 

relaxed state and a SMC3/RAD21 DNA exit gate resting state. ATP-dependent ATPase domains 

engagement leads to a semi-productive ATPase module with a flexible DNA exit gate, and formation 

of the fully productive ATPase module requires a SMC1A/SMC3 interface reorganization through NIPBL 

and DNA binding. Functional analyses in zebrafish demonstrate the importance of the full DNA exit 

gate and its dynamic. The distinct states and concerted movements of Cohesin ATPase domains and 

DNA exit gate thus mediate the Cohesin ATPase cycle and can be targeted by Cohesin regulators. 
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Introduction 

Structural Maintenance of Chromosomes (SMC) complexes play key roles in genome organization in 

all three kingdoms of life. Accumulating evidence shows that SMC complexes use an ATP-dependent 

loop extrusion mechanism to perform these roles1-6. The various prokaryotic and eukaryotic SMC 

complexes have, however, evolved different functions that are supported by specific sets of core and 

regulatory proteins3,6,7. How shared and evolutionary-divergent mechanisms of SMC complexes 

contribute to their specific functions remains poorly understood. 

Among the eukaryotic SMC complexes, Cohesin acts in the cohesion of sister chromatids, the 

segregation of chromosomes, in DNA repair, in V(D)J recombination, in transcription regulation, and 

in the organization of the genome by forming and maintaining chromatin loops and Topological 

Associated Domains (TADs)3,6. The core Cohesin complex is composed of the SMC1ASmc1 and SMC3Smc3 

Smc subunits and of the RAD21Scc1 kleisin subunit (human names used throughout unless species-

specific proteins are discussed; S. cerevisiae names are hereafter given in superscripts when diverging 

significantly from the human names). SMC1A and SMC3 subunits harbor at each of their extremities a 

hinge domain and an ABC-like ATPase head domain (HD), both separated by a long intramolecular 

coiled coil, while RAD21Scc1 only contains a few folded domains and conserved motifs that are used for 

interaction with the other Cohesin core and regulatory subunits6,8,9. 

Formation of the Cohesin core complex involves SMC1A and SMC3 heterodimerization through their 

hinge domains and the asymmetric bridging by the RAD21Scc1 kleisin subunit of SMC1A and SMC3 HDs 

(Fig. 1A)10-14. Specifically, the RAD21Scc1 N-terminal region (RAD21N) is formed of a small helical domain 

(HelD) followed by a long α-helix. This latter helix interacts with the proximal coiled coil (CC) emerging 

from the globular domain (GD) of the SMC3 ATPase HD. In contrast, the RAD21Scc1 C-terminal region 

(RAD21C) folds into a Winged-Helix Domain that directly binds to the GD of the SMC1A HD, thus closing 

the tripartite ring characteristic of SMC core complexes10,12. The DNA-binding STAG1 or STAG2 (SAScc3) 

subunit, which is stably associated with the core Cohesin complex and is often considered as its fourth 

core subunit, plays an important role in the different Cohesin functions, but its precise mode of action 

still remains elusive14-28. 

The SMC1A and SMC3 HDs also heterodimerize upon binding two ATP molecules in a composite 

manner to form the Cohesin ATPase module. This latter interaction, known as engagement, is transient 

and is lost upon ATP hydrolysis. An asymmetry of the Cohesin active sites in the mechanisms underlying 

genomic cohesion has been reported but remains poorly understood15,24,29-32. Cohesin carries out its 

various functions using ATP-dependent mechanisms, either stably entrapping DNA in a topological 

manner, or performing loop extrusion to generate chromatin loops by a mechanism that requires 

pseudo-topological DNA binding29,30,33-38. These two activities participate to the Cohesin cycle 
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throughout the cell cycle, synergistically contributing to Cohesin functions and being dependent on 

the its regulators. Notably, stable association of core Cohesin with DNA initially requires its recruitment 

to the genome by the MAU2Scc4/NIPBLScc2 complex followed by ATP binding and hydrolysis, leading to 

topological entrapment23,32,33,39-42. 

Stabilization of Cohesin on the genome further requires acetylation of SMC3 by ESCO1 or ESCO2 

(ESCOEco1) on its K105 and K106 lysine residues (human numbering used throughout), a process 

requiring ATP-dependent engagement and hydrolysis, and the replacement of NIPBLScc2 by PDS527,32,43-

51. While acetylation is sufficient for genomic stabilization of Cohesin in yeast, vertebrate Cohesin 

additionally requires the action of SORORIN32,48,52-54. Unloading of Cohesin from the genome also 

requires PDS5 when complexed with WAPL and is equally engagement-dependent15,16,20,24,25,43,48,55-58. 

The mechanism of topological DNA entrapment occurs through the SMC1A-hinge/SMC3-hinge 

interface (DNA entry gate) (Fig. 1A)38,59,60, although the SMC3 HD/RAD21N interface has also been 

suggested as an alternative entry gate24,61. This latter SMC3 HD/RAD21N interface is generally 

recognized as the DNA exit gate during G1 and during the prophase15,24,43,56,59,62, although this interface 

has also been questioned 63. In contrast, DNA exit from the Cohesin ring during the anaphase occurs 

through the proteolytic cleavage of RAD21Scc1 by Separase64-66. 

NIPBLScc2 also plays a central role in the Cohesin loop extrusion mechanism, notably through the 

enhancement of the Cohesin ATPase activity, which is at the core of this mechanism23,34,37,67. This 

stimulation is higher in the presence of DNA although DNA alone barely shows any stimulatory activity. 

The recent structures of S. cerevisiae, S. pombe and human Cohesins bound to DNA and to NIPBLScc2 C-

terminal region have provided unprecedented information on the intimate interactions of NIPBLScc2, 

DNA and the Cohesin ATPase module14,61,68. Notably, NIPBLScc2 is favoring HDs engagement, interacting 

with SMC1A and SMC3 GDs and CCs, these three proteins firmly clamping the DNA between 

themselves. These structures, which have been obtained in the presence of SMC1A and SMC3 mutants 

having a low ATP hydrolysis rate, have been described as being in a pre-ATP hydrolysis state that we 

hereafter term productive state14,61,68. 

Formation of chromatin loops by Cohesin is a highly dynamic and regulated process. Notably, the 

length of the loops depends not only on NIPBLScc2 and ATP binding and hydrolysis, but also on the action 

of PDS5, WAPL and SMC3 acetylation and, in vertebrates, of the transcription factor/chromatin 

insulator CTCF16,20,22,28,55,57,58,69-78. Cycles of ATP binding and hydrolysis are crucial, as for other SMC 

complexes, to the required conformational dynamics of Cohesin14,18,61,62,68,79-90. Notably, Cohesin can 

adopt either an open ring or a rod conformation depending on whether the SMC1A and SMC3 coiled 

coils are dissociated or interact with each other by co-alignment. In this latter conformation, both 

SMC1A and SMC3 HDs are in close vicinity, being juxtaposed81,87. 
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In contrast, ATP-dependent engagement reorganizes the HDs interface and prevents the SMC1A and 

SMC3 coiled coils to interact with each other at least in the vicinity of the HDs up to their joint element 

(Fig. 1A)14,61,68. Cohesin coiled coils can also bend at the SMC1A and SMC3 elbow elements, enabling 

the hinges to come in close vicinity to the HDs14,61,68,80,87. How these various conformational 

movements participate to Cohesin functions is still unclear. A swing-and-clamp mechanism for loop 

extrusion mediated by the conformational flexibility of Cohesin has however recently been proposed91. 

ATP binding and hydrolysis by Cohesin is therefore key to all Cohesin functions. How this ATPase 

activity drives the conformational dynamics underlying these functions and how this process is 

regulated are fundamental questions that require further investigations. Notably, while deciphering 

the molecular basis of the Cohesin ATPase activity is crucial to understand the structure/function 

relationships of this complex, our current knowledge on the Cohesin ATPase module remains 

fragmented. Especially, the precise conformational changes undergone by the SMC1A and SMC3 HDs 

upon ATP binding, HDs heterodimeric engagement, and ATP hydrolysis are not fully understood. 

Here we have characterized the human Cohesin ATPase module by studying the SMC1A and SMC3 HDs 

independently in their apo, ATP-bound and ADP-bound states, and upon their ATP-dependent 

engagement. Our study provides the most complete view of the Cohesin ATPase cycle, thus 

contributing to advance our knowledge of the central mechanisms that underlie Cohesin functions. 

We notably show that the human SMC1A HD adopts an inactive relaxed conformation and displays a 

specific conformational dynamic in its different nucleotide binding states. In contrast, human SMC3 is 

locked in an ATP-hydrolysis inactive state due to a so far uncharacterized resting state adopted by the 

DNA exit gate. Moreover, a productive conformation of the SMC1A and SMC3 HDs is not fully induced 

upon HDs engagement but traps the ATPase module in a specific semi-productive state. The fully 

productive ATPase module formation requires additional structural changes mediated and stabilized 

by NIPBLScc2 and DNA binding. Our functional analyses in zebrafish further reveal the importance of the 

full Cohesin DNA exit gate and its dynamic in vertebrates.  

Results 

Human SMC1A and SMC3 ATPase domains display distinct nucleotide binding properties 

To analyze the human Cohesin ATPase module, different constructs of the human SMC1A and SMC3 

ATPase head domains (HDs) have been created by varying the length of the proximal coiled coil (CC) 

emerging from their globular domains (GD). Those included short (SMC1ACCsh), up to the joint 

element (SMC1ACC and SMC3CC), and including the joint element (SMC1AJ and SMC3J) constructs 

(Fig. S1A,B). The RAD21N and RAD21C constructs were designed according to previous work (Fig. 

S1C)10,12. Independent expression of the SMC1A, SMC3, RAD21N and RAD21C constructs led to 

insoluble proteins. However, co-expression of these proteins yielded soluble SMC1A HD/RAD21C and 
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SMC3 HD/RAD21N complexes. The SMC1ACC/RAD21C and SMC3CC/RAD21N complexes, due to their 

highest stability, were chosen for our comparative investigations, unless stated. 

We first assessed the ATPase activity of the SMC1ACC/RAD21C and SMC3CC/RAD21N complexes, 

either alone or when mixed together. The independent complexes displayed a very low ATPase activity, 

but a robust increase in activity was observed upon mixing of the two complexes (Fig. 1B). We next 

measured the Kd of ADP and ATP for the individual SMC1ACC/RAD21C and SMC3CC/RAD21N 

complexes using isothermal titration calorimetry (ITC). For ATP, due to the residual ATPase activity of 

both complexes, Kd measurements were carried out with the wild-type (WT) and with the low ATPase 

activity EQ mutants (SMC1A-E1157Q and SMC3-E1144Q) as well as with ATP and the low hydrolysable 

ATPγS analogue. 

In the case of ADP, while both complexes displayed a single binding event, the Kd of ADP for 

SMC1ACC/RAD21C (27.6 µM) was 15 times higher than that for SMC3CC/RAD21N (1.8 µM) (Fig. 1C; 

Fig. S2A-B; Table S1). In contrast, in the presence of ATP or ATPγS, while the SMC1ACC/RAD21C 

complex showed a single binding event, the SMC3CC/RAD21N complex unambiguously showed two 

events (Fig. 1D; Fig. S2A-B). Since ADP binding 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 ATPγS. 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 µM range and another in the low nM range for the two events (Fig. S2B; Table S1). 

Since the measured Kd of ADP for SMC3CC/RAD21N was in the µM range, we assumed that the Kd of 

ATP and ATPγS for the same complex also corresponded to the higher measured Kd. Comparative 

analysis of the results obtained showed that both ATP and ATPγS have Kd in a similar range when 

binding to SMC1ACC/RAD21C and to SMC3CC/RAD21N (Table S1). Nevertheless, major differences 

were observed when comparing the ITC-measured thermodynamic signatures of the 

SMC1ACC/RAD21C and SMC3CC/RAD21N complexes binding to ADP, ATP and ATPγS. While the binding 

reaction to SMC1ACC/RAD21C was entropy-driven, suggesting an increase in solvent entropy, both 

binding events of SMC3CC/RAD21N were enthalpy-driven (Fig. S2C-D). 

A closed conformation of the SMC1A HD P-loop does not prevent nucleotide binding 

We next characterized structurally by x-ray crystallography the different complexes purified. 

Crystallization assays for the SMC1A HD were performed without nucleotide or in the presence of ADP 

or the low-hydrolysable ATPγS nucleotide. Crystallization attempts for both SMC1ACC/RAD21C and 

SMC1ACCsh/RAD21C complexes yielded crystals in the three states (apo, ADP-bound and ATPγS-

bound) diffracting between 1.36 and 2.50 Å and belonging to different space groups (Tables S2 and 

S3). In contrast, crystallization attempts with the ATP and ATP-hydrolysis mimics ADP-BeF3, ADP-AlFx 
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and ADP-VO4 remained unsuccessful. Structure determination was carried out by molecular 

replacement using the S. cerevisiae Smc1 HD/ATPγS structure (PDB entry 1W1W) as model. 

Inspection of the electron densities at the nucleotide binding site for the various complexes revealed 

five binding states: apo, ADP-bound, ADP-Mg-bound, ATPγS-Mg-bound, and a fifth state that we 

termed loop, where the phosphate loop (P-loop/Walker A motif) was found in two alternative 

conformations: closed and open. In the apo structures, the P-loop adopts exclusively the closed 

conformation, which is incompatible with nucleotide binding, while in the nucleotide-bound 

structures, only the open conformation is observed (Fig. 2A). In the loop structures, both 

conformations were found, which were most likely caused by the low occupancy binding into the 

nucleotide-binding pocket of an ion, a cleaved phosphate or a bound ADP or ATPγS molecule. 

A closed conformation has also been observed in the Chaetomium thermophilum Condensin Smc2 HD, 

which hampers ATP binding83. Our different structures and our ITC results show, however, that the 

closed conformation in SMC1A cannot prevent nucleotide binding but can potentially set a 

thermodynamic barrier to this binding. Notably, the closed conformation of the P-loop in human 

SMC1A is stabilized by a network of water molecules, interacting with neighboring residues (Fig. 2B). 

Thus, the movement of the P-loop from a closed to an open conformation upon nucleotide binding 

requires the release of this water network, in agreement with the observed entropy-driven binding of 

ADP and ATP to SMC1ACC/RAD21C (Fig. S2C). Comparison with the apo structure of C. thermophilum 

Smc1 HD shows that, in this organism, the Smc1 P-loop displays an open conformation92. 

The human SMC1A HD R-loop is poised for nucleotide binding 

In its closed conformation, the human SMC1A P-loop is further stabilized by the formation of a larger 

hydrogen bond network formed between the carbonyl oxygen of S36, the hydroxyl of S39, and the side 

chains of K13, S14, N40, D43 and R57 (Fig. 2C). The involvement of this latter residue is unexpected 

since in the fungi Smc1 apo and ATPγS-bound structures, the R-loop, including its arginine residue 

equivalent to R57, is not observed in density12,92. Specifically, ordering of the R-loop only occurs upon 

the formation of the productive complex in the presence of NIPBLScc2 and DNA, suggesting that the R-

loop helps sensing the formation of this complex and transmits this information to the ATPase site 68. 

In contrast to what is observed in fungi, in all our structures of the human SMC1A HD, the R-loop is 

defined in density, including the R57 side chain, and the aforementioned hydrogen bond network is 

conserved in these structures. In the ADP-bound and ATPγS-bound SMC1A HD structures, an additional 

interaction is formed between the N40 side chain and the sugar of these nucleotides (Fig. 2D). 

Furthermore, the specific structural rearrangements induced upon ATPγS binding bring the R57 side 

chain closer to the nucleotide, and the R57 guanidino group also binds to the α phosphate of the 

nucleotide, still maintaining its interactions with the N40 and D43 side chains (Fig. 2D). These 
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interactions are also observed in the human productive complex, where the R-loop displays a similar 

conformation to that observed in our structures14. 

To further characterize the role of R57 in the human SMC1A HD, we have either mutated this residue 

into alanine (R57A) or used the Cornelia de Lange Syndrome (CdLS)-characterized 58-62 deletion 

mutant (Δ58-62)93, and analyzed the ability of these mutants to hydrolyze ATP. When investigated on 

their own, the SMC1ACC-R57A/RAD21C and SMC1ACC-Δ58-62/RAD21C mutants showed no ATP 

hydrolysis (Fig. 2E). However, the loss of enzymatic activity compared to the WT complex was only 

~10% when SMC3CC/RAD21N was added to the reaction. Therefore, in human SMC1A, R57 plays an 

earlier role in organizing the nucleotide binding site prior to HDs engagement, both by participating to 

the stabilization of the closed P-loop conformation in the apo state and subsequently by stabilizing ATP 

binding prior to engagement. This contrasts with the case of fungi Smc1, where the R-loop appears 

only to play a role once the DNA is bound to the engaged ATPase HDs. 

SMC1A HD undergoes specific rotational movements upon binding of nucleotides 

We next used our different structures of the SMC1ACC/RAD21C complex to analyze the global 

structural changes occurring upon ADP and ATP binding. Superposition of the apo and ADP-bound 

structures, keeping RAD21C as fixed reference, revealed that ADP binding induces rotational 

movements within the SMC1A HD that are caused by the adjustment of the protein to the bound 

nucleotide (Fig. 3A). Notably, a rotational movement of the region of the RecA-lobe interacting with 

the adenine moiety of the ADP molecule is observed toward the RecA-lobe/Helical-lobe interface. In 

turn, the Helical-lobe is pushed and rotates away from the RecA-lobe (Fig. 3A). 

Upon ATPγS-Mg binding, the rotational movement of the RecA-lobe region binding to the adenine 

moiety toward the RecA-lobe/Helical-lobe interface is conserved and even amplified, notably with the 

P-loop moving toward this interface compared to what is observed in the ADP-bound structure (Fig. 

3B-C). However, in contrast to ADP binding, ATPγS-Mg binding causes the Helical-lobe to move toward 

the RecA-lobe. This is due to the movement of the Q-loop toward the SMC1A nucleotide binding site, 

which positions the amide group of the Q137 side chain in productive contact to the Mg ion (1.9 Å) 

and to the γ group of the ATPγS nucleotide (2.6 Å), a feature that is neither observed in our apo nor in 

our ADP-bound structures (Fig. 3B-C). These opposite movements of the RecA-lobe and of the Helical-

lobe upon ATPγS-Mg binding cause a shrinkage of the SMC1A HD and induce a tightening of the RecA-

lobe/Helical-lobe interface. This tightening only induces a few changes in side chain conformations 

rather than a major reorganization of this interface, and enables the formation of a crystallographic 

homodimer. 

The amplitude of the movements caused by the binding of the nucleotides is larger further away from 

the nucleotide binding site. This is notably the case of the Helical-lobe that moves essentially as a rigid 

domain upon ADP and ATPγS binding. Specifically, we observe that the SMC1A CC rotates in opposite 
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directions upon the respective binding of ADP and ATPγS, when compared to a central position of this 

CC observed in our apo structures, the amplitude of this rotation being larger in the presence of ATPγS 

(Fig. 3D; Video 1). Importantly, these rotational movements of the CC occur in a same plan that passes 

through Q137, which explains that this residue reaches in the nucleotide binding site upon ATPγS 

binding, whereas it moves away from it upon ADP binding (Fig. 3C,E). 

Comparative analysis of the C. thermophilum apo Smc1 HD with the S. cerevisiae Smc1 HD in its ATPγS-

bound form, upon keeping Scc1C fixed for superposition, shows similar rotational movements from 

the apo form to a shrinked ATPγS-bound form, albeit of smaller amplitude (Fig. S3A-B). This is also 

induced by the movement of the P-loop and of the Q-loop, including a productive interaction of 

glutamine Q151 with the Mg ion (2.1 Å) and the γ group of the nucleotide (2.9 Å) (Fig. S3C). 

SMC1A HD adopts a relaxed conformation regardless of its nucleotide-binding state 

We next compared our SMC1ACC/RAD21C structures with that of the SMC1A HD in the productive 

complex14, further keeping RAD21C as reference for superposition. This comparison reveals a major 

movement of the Helical-lobe with respect to the RecA-lobe upon formation of the productive complex 

(Fig. 4A). This movement, which has been termed lever effect in the bacterial/archeal case94, does not 

cause major structural changes within the RecA- and Helical-lobes themselves, but induces a sliding of 

the Helical-lobe along the RecA-lobe. The amplitude of this movement is very 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 (Fig. 4A). This large movement occurring upon leverage induces a significant 

reorganization of the interface between the RecA-lobe and the Helical-lobe of the SMC1A HD. 

This sliding movement is almost perpendicular to the aforementioned planar rotational movement 

observed upon ADP and ATPγS binding to the SMC1A HD, showing that these conformational changes 

are not related (Fig. 3E and 4A; Video 1). The leverage also repositions the SMC1A CC in a central 

position, as observed in our apo structure (Fig. 3D and 4B). Despite this central repositioning of the 

Helical-lobe, the lever effect keeps Q137 at a productive distance to the ATP binding site14. While the 

Helical-lobe overall structure does not change significantly between both structures, we nevertheless 

observe that the signature motif and the preceding F-loop undergo significant conformational and 

positional changes upon leverage (Fig. 4C). 

Importantly, since neither ADP nor ATPγS binding can induce the productive reorganization of the 

SMC1A RecA-lobe/Helical-lobe interface in the SMC1ACC/RAD21C complex, we conclude that the 

SMC1A HD adopts on its own a stable relaxed conformation, regardless of its nucleotide-binding state, 

which is different from that of the productive state. In the fungi case, a similar relaxed conformation 

is observed that is not significantly modified upon ATPγS binding. Notably, formation of the fungi 

productive complex also requires a similar lever effect, even if its amplitude is smaller (~4-5Å) (Fig. 

S3D-E). 
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Comparison of our SMC1ACC/RAD21C and SMC1ACCsh/RAD21C structures with that of the productive 

SMC1A HD reveals that the SMC1ACCsh conformation is closer to that of SMC1A HD in the productive 

state than in the SMC1ACC/RAD21C complex (Fig. 4A-B). Accordingly, only a small lever effect (1-2 Å) 

is observed between our SMC1ACCsh/RAD21C structures and the productive SMC1A-HD/RAD21C 

structure. In agreement, these structures display a similar RecA-lobe/Helical-lobe interface and we also 

observe a central repositioning of the SMC1ACCsh CC compared to the ATPγS-bound 

SMC1ACC/RAD21C structure (Fig. 4B). 

Inspection of the packing in the crystals of the SMC1ACCsh/RAD21C complex, which is almost identical 

whatever the nucleotide-binding state, shows however that two symmetry-related complexes interact 

in a head-to-tail manner in the crystals (Fig. S4). Specifically, the artificial linker built to bridge the two 

coils of one complex inserts itself into the groove formed between the RecA-lobe and Helical-lobe of 

the second complex. These artificial interactions favor and stabilize the sliding of both lobes with 

respect to each other. 

Despite their artificial character, the analysis of the SMC1ACCsh/RAD21C structures provide significant 

information on the SMC1A HD dynamic. Indeed, in the ATPγS-bound SMC1ACCsh/RAD21C structure, 

Q137 is positioned close but at a non-productive distance to the Mg ion (2.8 Å) and to the γ phosphate 

of the nucleotide (3.8 Å) (Fig. 4D). Therefore, only the full lever effect can bring Q137 in a productive 

position. In addition, the F-loop and signature motif are not significantly involved in crystal packing, 

and no ATP-driven homodimerization of this complex occurs in the SMC1ACCsh/RAD21C crystals. 

Nevertheless, we observe a conformational and positional changes of the F-loop and signature motif 

in the SMC1ACCsh/RAD21C structures that are similar to those observed in the productive SMC1A 

HD/RAD21C structure (Fig. 4C). Thus, the structural and conformational changes undergone by these 

two functional elements are coupled and are intimately linked to the rearrangements occurring at the 

RecA-lobe/Helical-lobe interface.  

Human SMC3CC/RAD21 is locked into an ATPase inactive state 

Crystallization of the human SMC3CC/RAD21N complex was also performed in the absence of any 

nucleotide or in the presence of ADP, ATPγS as well as ADP-BeF3, ADP-AlFx and ADP-VO4. Crystals 

belonging to different space groups and diffracting between 2.25 and 3.1 Å were obtained in apo, ADP-

bound, ADP-Mg-bound and ATPγS-Mg-bound states (Table S4). Crystals were also obtained with ADP-

BeF3 but diffracted only to 4 Å. Structure determination was carried out by molecular replacement 

using the yeast Smc3-HD/ATPγS structure (PDB entry 4UX3) as a model. Despite different space groups 

as well as heterodimerization in the presence of ATPγS and ADP-BeF3, all structures obtained showed 

a strong conformational similarity in contrast to what had been observed for SMC1A (Fig. 5A; Video 2). 

In our structures, the SMC3 R-loop is well defined in density and adopts, as previously 

observed10,14,61,68, a different conformation than that of the SMC1A R-loop. Specifically, the SMC3 R57 
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side chain is exposed at the surface of the SMC3 HD RecA-lobe, being thus poised for interaction with 

an incoming DNA molecule or any other macromolecule. Similarly, the two lysines K105 and K106, 

which are targets of the acetylase ESCOEco1, are also solvent exposed (Fig. 5A). Analysis of the SMC3 

nucleotide binding site showed that the P-loop adopts an open conformation in all our structures (Fig. 

5B), which may result in the apo structure from the binding of a sulphate ion stemming from the 

crystallization buffer.  

Most importantly, in all our structures the Q-loop is positioned far away (~9 Å) from the nucleotide 

binding site and the Q141 side chain is turned away from this binding site (Fig. 5B). Comparison of our 

structures with the structure of the SMC3 HD in the productive complex14 shows that formation of the 

productive complex also induces a lever effect that moves the SMC3 second signature-coupling helix 

by ~4-5 Å (Fig. 5C). The associated conformational changes strongly affect the positioning of the Q-

loop in the productive complex, notably with Q141 which is repositioned toward the ATP-binding site 

(Fig. 5C-D; Video 2). 

Moreover, in contrast to our observations on the SMC1A HD, specific additional changes are observed 

in the SMC3 HD upon formation of the productive complex that are similar to those described upon 

bacterial/archeal Smc HD homodimerization and leverage94. These notably include the conjoint 

conformational changes in the wedge element and in the R-loop (Fig. 5D).  A repositioning but not a 

conformational rearrangement of the signature motif is also observed between the two structures. 

Comparison of the S. cerevisiae published Smc3 structures10,68 shows that a lever effect (6-7 Å) is also 

required to form the productive state in S. cerevisiae (Fig. S5A). The larger lever effect observed for 

the S. cerevisiae Smc3 HD than that for the human SMC3 HD results from a more relaxed conformation 

of the yeast HD, which also requires a specific conformational rearrangement of the signature motif 

loop to reach the productive state (Fig. S5B). In addition, a repositioning of the Q-loop is observed 

between the ATPγS-bound and productive structures of the S. cerevisiae Smc3 HD, while it already 

occurs between the apo and ATPγS-bound states of the fungi Smc1 HD (Fig. S3C and S5A). 

The human DNA exit gate in the SMC3CC/RAD21N complex adopts a resting state 

Surprisingly, a major specific and unexpected structural feature observed in the human 

SMC3CC/RAD21N complex is a ~45° kink of the CC emerging from the SMC3 GD compared to the 

straight conformation displayed by the SMC3 CC in the productive complex (Fig. 6A). This kink is due 

to a simultaneous bending of both α-helices forming the human SMC3 CC that occurs right above the 

region where these helices leave the SMC3 GD, and just below the region where they interact with 

RAD21N (Fig. 6A-B; Video 2). 

The flexibility of the short helical stretches of the human SMC3 CC that enables their bending is 

demonstrated by their two slightly different conformations observed in our different structures, 

including between non-crystallographic symmetry mates in a single crystal form. These small changes 
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also slightly influence the positioning of the wedge element and, in turn, of the R-loop. This kink is 

observed in all our SMC3CC/RAD21N structures, regardless of the nucleotide-binding state, the 

dimerization state and the crystal packing.  

Although the folding of RAD21N and its interaction with the CC are not changed by the kink, the new 

path of the CC positions differently the RAD21N small helical domain (HelD) in the groove at the 

interface between the SMC3 GD RecA-lobe and Helical-lobe (Fig. 6B). The resulting complex thus 

stabilizes the DNA exit gate on the SMC3 GD, and we have named resting state this specific 

conformation of the human SMC3 HD/RAD21N DNA exit gate. 

In comparison, in the productive state, the RAD21N HelD is positioned above the SMC3 GD, both 

domains only forming a single contact through the interaction established between the RAD21N R54 

side chain and the SMC3 N123 main chain carbonyl (Fig. 6C-D)14. In addition, the productive RAD21N 

HelD interacts extensively with the bound DNA, both through electrostatic interactions and through 

direct contacts, such as those that can be formed by RAD21N K25 and K26 with the DNA phosphate 

backbone (Fig. 6D). 

In the resting state, RAD21N residues 5 to 26 pack against the SMC3 GD forming hydrophobic and 

hydrogen bonding interactions. Notably, the first small α-helix of the RAD21N HelD, composed of 

residues 13 to 23, packs against the SMC3 RecA-lobe but is also linked to the SMC3 CC through its 

perpendicular packing interaction with the long α-helix of RAD21N that runs parallel to the SMC3 CC, 

thus maintaining the structural integrity of the DNA exit gate (Fig. 6B,E). 

While residues 13 to 17 of this small helix form main chain/main chain interactions with the SMC3 GD, 

residues 18 to 23 are involved in main chain/side chain and side chain/side chain interactions with this 

GD (Fig. 6E). Specifically, tryptophan W18 indole nitrogen makes a pivotal hydrogen bond with the 

main chain carbonyl of SMC3 S127. 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 (Fig. 6E). 

Strikingly, the position of RAD21N in the resting state is not compatible with the forward movement 

of the SMC3 second signature-coupling helix occurring upon leverage (Fig. 6F). Therefore, the resting 

state keeps SMC3 into an inactive conformation by stabilizing the RAD21N HelD on the SMC3 GD and 

by hampering the structural rearrangements required to reach the productive state. Importantly, our 

results show that neither ADP nor ATPγS binding are sufficient to release the inactive state of SMC3 

imposed by the resting conformation of the DNA exit gate. 

Stable engagement of human SMC1A and SMC3 HDs in the presence of ATP 

To understand the molecular mechanisms leading to the release of the SMC1A and SMC3 HDs inactive 

conformations, we have investigated the conformational dynamics of these HDs upon their ATP-
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dependent engagement. We first looked at conditions favoring stable HDs interaction by using size 

exclusion chromatography since weakly formed complexes cannot resist the dilution conditions of this 

technique. Analytical ultracentrifugation velocity measurements were 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 (Fig. 7A-B and S6A). 

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. The fact that RAD21N was not lost in these latter experiments 

shows that the DNA exit gate remains shut upon engagement and subsequent ATP hydrolysis. 

Moreover, injection of the two EQ mutants on the ATP-loaded chromatographic column without 

preincubation with ATP was sufficient to form the complex, demonstrating of its rapid assembly and 

stability. 

In contrast, both size exclusion chromatography and analytical ultracentrifugation showed that while 

ATP causes engagement, ADP, ATPγS and AMP-PNP cannot (Fig. S6B). In addition, we did not observe 

a homodimerization of the independent EQ mutants in the presence of ATP, demonstrating of the 

specificity of the heterodimeric engagement (Fig. S6C). Several signature motif (SMC1A L1128V and 

SMC3 L1115V) and D-loop (SMC1A D1163E and SMC3 D1150E) mutants have previously been shown, 

like the EQ mutants, to have a low ATPase activity and to enable engagement15,29,31. However, no 

combination of these mutants yielded stable engagement (Fig. S6D). 

Molecular basis of SMC1A and SMC3 HDs engagement 

We used our stable engaged ATPase module for structural analyses. Crystallization attempts of the 

complex only yielded poorly diffracting crystals and cryo-electron microscopy was used instead. Slight 

crosslinking conditions caused sample aggregation and the purified samples obtained directly from the 

size exclusion chromatography were therefore used for cryo-EM data collection. Processing of the 

collected data yielded two cryo-EM maps at 4.0 and 4.5 Å, both representing unambiguously the 

engaged complex (Fig. S7 and Table S5). While the first map, based on a majority of the particles, was 

well resolved and used to model the engaged ATPase module, the second map showed more 

heterogeneity with specific regions not very well defined. This was particularly the case for the SMC1A 

HD, suggesting that SMC1A can retain some conformational flexibility upon engagement, reminiscent 

of the higher SMC1A flexibility observed in our crystallographic analyses. 

The model of the engaged human Cohesin ATPase module was obtained upon fitting our high-

resolution crystallographic structures into the 4.0 Å resolution cryo-EM map, followed by cycles of 

manual building and automatic real space refinement (Fig. 7C and Table S5). The structure of the 

engaged human Cohesin ATPase module shows similarities to that bound to NIPBLScc2 and DNA in the 

productive complex (Fig. 7D). Notably, upon engagement both SMC1A and SMC3 HDs undergo lever 
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effects that release them from their inactive states (Fig. 7E-F). Engagement also repositions both the 

SMC3 wedge element and the SMC3 R-loop, as seen in the productive complex, showing that these 

changes are not caused by NIPBLScc2 and DNA binding. As expected, the SMC1A R-loop retains its 

conformation as observed in the productive but also in the independent SMC1A structures. 

Despite these similarities, the structures of the engaged and productive ATPase module show major 

differences. Indeed, while both SMC1A and SMC3 GDs, when considered independently, exhibit a 

strong structural similarity in the engaged and productive complexes (Fig. 7E-F), their complex is tighter 

in the engaged than in the productive state. Notably, when comparing both complexes by superposing 

one of their HDs, we observe a displacement of the second HD (Fig. 7D). Refinement of the ATPase 

module taken from the productive complex against our cryo-EM map also resulted in the same 

tightening, showing that the starting model for structure refinement is not the cause of the difference 

observed. In addition, this difference was observed when comparing our structure of the engaged 

module with those of the human, but also of the two yeasts productive complexes 14,61,68. 

This difference in the SMC1A/SMC3 GDs interface is mainly caused by the binding of NIPBLScc2 to the 

engaged complex in the vicinity of the SMC1A F-loop. Indeed, while the F-loop itself is not significantly 

affected by NIPBLScc2 binding, the insertion of NIPBLScc2 at this SMC1A/SMC3 interface forces both HDs 

two move apart (Fig. 7D). This movement of both GDs with respect to each other reaches up to the 

other side of the complex, causing the observed modification of the interface between the SMC1A and 

SMC3 HDs. This modification does not prevent engagement but alters the interactions between the 

SMC1A and SMC3 GDs. Notably, the different SMC1A and SMC3 motifs that form both composite ATP 

binding sites are slightly displaced with respect to each other. These changes are not sufficient to 

prevent ATP binding but are expected to affect the productive character of both sites. 

Notably, in the engaged ATPase module, while the SMC3 site appears poised for hydrolysis, with Q141 

now turned toward the active site, the SMC1A active site adopts a non-productive conformation, with 

SMC1A Q137 which is turned toward the SMC3 signature motif rather than toward the ATP γ-

phosphate (Fig.7G-H). In contrast, the glutamines of the SMC1A and SMC3 Q-loops are both turned 

toward their respective ATP binding site within the yeasts and human productive complexes. 

Therefore, engagement can occur even if the ATP binding sites are not adopting a full productive 

organization. Consequently, the ATPase activity at both sites can be regulated, potentially in an 

independent manner, by slight modifications of the organization of these composite sites. 

The other major difference between the engaged and productive ATPase module concerns both 

SMC1A and SMC3 CCs. In the case of SMC1A, the binding of NIPBLScc2 is responsible for the additional 

stabilization of 3-5 helical turns within each coil, which corresponds to the interaction region of these 

coils with NIPBLScc2 hook domain (Fig. 7E). Overall, however, the CC emerging from the SMC1A GD is 

structurally very similar in both structures, demonstrating of its stability. 
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In contrast, no density is observed in our cryo-EM map for the DNA exit gate (Fig. 7C). Specifically, the 

density for the SMC3 CC is lost exactly where this CC is kinked in our crystallographic structures, and 

no density is observed for RAD21N. This absence of density of the DNA exit gate is already observed at 

the 2D classification level (Fig. S7) and agrees with the fact that the lever effect is incompatible with 

the resting state of the DNA exit gate (Fig. 6F). Thus, engagement releases the inactive resting 

conformation of the DNA exit gate without, however, causing a straightening of the SMC3 CC that 

would enable the DNA exit gate to adopt a productive conformation (Fig. 7F). 

The DNA exit gate becomes flexible upon engagement 

To confirm the flexibility of the DNA exit gate observed in our cryo-EM structure, we have performed 

crosslinking experiments in solution using our SMC1ACC and SMC3CC EQ mutants. Based on our 

structures and the structure of the productive complex, we identified two pairs of residues in the SMC3 

HD and RAD21N (SMC3CC-D120/RAD21N-K25 and SMC3-D92/RAD21N-K26), involving the 

aforementioned RAD21N K25 and K26 residues (Fig. 6E), that could be crosslinked in the resting state 

but not in the productive state, when mutated in cysteines. The residues of the first pair were ideally 

positioned for cross-linking with Bis-maleimidoethane (BMOE) in the resting state (8.5 Å) but not in 

the productive state (14.0 Å). Those of the second pair were a bit more distant in the resting state (9.5 

Å) and very far apart in the productive state (25.0 Å). 

Crosslinking of the SMC3CC-D120C/RAD21N-K25C complex gave a robust crosslinking (> 40-50%) at 

4°C and room temperature (Fig. 7I and S8A). The amount of crosslink was not significantly modified in 

the presence of SMC1A, alone or supplemented with either ATP or ATP and DNA. These results 

therefore confirmed the capacity of the RAD21N to come in close proximity to the SMC3 GD and 

showed that RAD21N does not dissociate from the SMC3 HD upon ATP-dependent engagement, in 

agreement with our reconstitution experiments. 

The use of the SMC3-D92C/RAD21N-K26C complex also showed a similar crosslinking pattern upon 

addition of SMC1A. However, additional supplementation of ATP or ATP and DNA caused significant 

changes in this pattern in a time-dependent manner. This difference is explained by the faster increase 

of the distance between the SMC3 GD and RAD21N upon movement of the DNA exit gate in the case 

of this pair. Thus, upon ATP-dependent engagement, the DNA exit gate resting state is released and 

the gate becomes flexible but neither adopts a stable productive conformation nor opens (Fig. 7J and 

S8B). This flexibility does not affect the conformation of the SMC3 GD since the position of the SMC3 

Helical-lobe is fixed by the HDs engagement and the conformational change of the SMC3 wedge region 

uncouples the movements of the SMC3 CC to those of the RecA-lobe. 

The DNA exit gate and its RAD21N HelD component are functionally important in vertebrates 

Our biochemical and structural results suggest a functional role for the human RAD21N HelD. Sequence 

comparison reveals that this domain is almost fully conserved (sequence identity > 99%) in vertebrates 
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(Fig. S1C), indicating that the role of the RAD21N HelD should be conserved in these organisms. To 

assess the functional importance of the RAD21N HelD region in vertebrates, we obtained a 

characterized rad21a zebrafish mutant line95 which we utilized to evaluate the effect of truncating 

mutations in these regions. Homozygous larvae exhibited large pericardial edema, microcephaly and 

curved bodies at 3 days post-fertilization (dpf), which mirrored clinical features of CdLS (Fig. 8A and 

S9)96. These phenotypes were specific and could be rescued efficiently upon injection of 200 pg of WT 

zebrafish full-length rad21a mRNA (Fig. 8A-C and S9). 

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 DNA exit gate, we injected a mutant mRNA 

that did not code for the first 21 amino acids of RAD21 (RAD21-Δ21) into homozygous mutant eggs. 

The RAD21-Δ21 mRNA failed to rescue the RAD21-/- phenotypes compared to the wild-type mRNA 

(Fig. 8B-C and S9). Specifically, body curvature, eye diameter (as assessment of the microcephaly) and 

pericardial edema of RAD21-Δ21-injected larvae were affected indistinguishably from non-injected 

rad21a homozygous mutant larvae. The loss of rescue observed with the RAD21-Δ21 mRNA indicated 

that the absence of the first 21 residues 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 rad21a mRNA lacking the full RAD21N region (RAD21-Δ87). 

This mutant, which should prevent the formation of the Cohesin complex by destroying the DNA exit 

gate, led to an aggravated phenotype rather than a phenotypic rescue as shown by the presence of  

necrotic tissues in the head of homozygous mutant embryos at 1 dpf. Similarly, injection of the 

zebrafish RAD21-Δ87 mRNA into wild-type eggs led to the same severe phenotype suggesting that this 

truncating mutation acts as a dominant or gain of function allele. Accordingly, acridine orange staining 

of RAD21-Δ87 mRNA-injected embryos revealed a significant increase in the number of apoptotic cells 

in the head compared to control embryos or embryos injected with WT rad21a mRNA (Fig. 8D). This 

demonstrates the essential function of RAD21N in vertebrates, including its N-terminal HelD domain. 

Discussion 

SMC1A and SMC3 HDs undergo specific conformational dynamics during the Cohesin ATPase cycle 

The Cohesin ATPase cycle is poorly understood despite its key involvement in the Cohesin functions. 

Notably, the specific roles of the SMC1A and SMC3 head domains and their dynamic prior, during and 

after their ATP-dependent engagement have remained elusive. Here we provide the most complete 

molecular view of the human Cohesin ATPase cycle that reveals the specific dynamics of the SMC1A 

and SMC3 HDs along the ATPase cycle in support of Cohesin functions (Video 3). 

The role and importance of the non-engaged SMC1A and SMC3 HDs are poorly characterized. Inter-

species and inter-SMC complexes comparisons did not clearly identify specific conformations that 

could be mechanistically important. We show here that, on their own, both SMC1A and SMC3 HDs 
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adopt specific inactive conformations whose conformational changes can be regulated. Specifically, 

ATP binding to the SMC1A HD, which is regulated but not prevented by an initial closed conformation 

of the SMC1A P-loop, does not release this HD from its relaxed inactive state but induces specific 

conformational movements that prepare it for engagement. In contrast, ATP binding to the SMC3 HD 

does not modify its stable resting inactive conformation, which is poised for engagement. 

In an open ring conformation of the Cohesin complex, when non-engaged, both HDs are likely to adopt 

such inactive conformations that can serve as specific docking platforms for Cohesin regulators and 

partners. Specifically, the observed high flexibility of the regions linking the SMC1A and SMC3 HDs to 

the Cohesin arms14,61,68,87 is expected to contribute to the conformational independence of these HDs. 

Whether HDs juxtaposition upon coiled coils co-alignment can alter SMC1A and SMC3 HDs inactive 

states remains unknown. We were however unable to stabilize their juxtaposed complex in the 

absence of ATP in our reconstitution experiments, which suggests a loose association of the HDs upon 

juxtaposition. 

Although both HDs can be relieved from their inactive states through specific lever movements of their 

Helical-lobes with respect to their RecA-lobes, such conformational changes need to be induced and 

stabilized to prevent the SMC1A and SMC3 HDs to stay or return to their inactive states. ATP-

dependent HDs engagement is sufficient to cause such changes, but the resulting engaged ATPase 

module only adopts a semi-productive conformation. Additional specific conformational changes of 

both HDs, caused by NIPBLScc2 and DNA binding, are required to bring the ATPase module in its full 

productive conformation. Following ATP hydrolysis and disengagement, both HDs return to their 

inactive states. The higher affinity of the SMC3 HD for ADP than for ATP suggests a potential regulatory 

step for the next round of engagement. 

The semi-productive structure of the engaged ATPase module supports an asymmetry of the Cohesin 

ATPase active sites 

The semi-productive conformation of the engaged ATPase module is due to the specific interface of 

both SMC1A and SMC3 HDs upon engagement that induces slight conformational changes and 

repositioning, compared to the productive state, of the motifs (WalkerA/P-loop, Walker B, Q-loop, 

signature motif, D-loop) that contribute to the composite SMC1A and SMC3 ATPase active sites. 

Although these small modifications are not sufficient to prevent ATP binding and engagement, they 

alter the active sites, affecting notably the productive character of the SMC1A active site, but less that 

of the SMC3 active site. Similar observations on the asymmetry of the Cohesin ATPase active sites have 

been previously reported by several in vitro and in vivo studies on yeast and human Cohesins15,24,29-32. 

The characterization of the asymmetry of the Cohesin ATPase active sites stems from the use of several 

mutants, notably in the Walker B (EQ), signature motif (LV), and D-loop motif (DE) of the SMC1A and 

SMC3 active sites. These mutants have been shown to display a reduced ATPase activity but to retain 
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engagement. These effects can be explained for the EQ mutant that directly affects the ATPase activity 

due to the mutation of a major catalytic residue that, however, does not significantly contribute to ATP 

binding and engagement. This is not the case of the LV and DE mutants whose effect is most likely 

indirect due to the small structural rearrangements they will cause and that will induce a limited 

reorganization of the ATP binding site they contribute to. This should perturb the productive character 

of the active site affected without preventing ATP binding and engagement, similarly to what is 

observed for the engaged ATPase module. 

This fundamental difference between the EQ and LV/DE mutants should however cause the latter 

mutants to retain a higher residual ATPase activity than the former. Indeed, the intrinsic flexibility that 

we observe of the engaged ATPase module can induce some remodeling of the active sites over time 

to lead to metastable productive conformations of these sites. This is assessed by our reconstitution 

experiments, where the LV and DE mutants cannot stabilize the engaged ATPase module, and by the 

fact that the LV/DE mutants display milder effects than the EQ mutants in vivo15,29,31. The same 

reasoning applies for the requirement of both EQ mutants for the stabilization of the engaged ATPase 

module in our reconstitution experiments. It has been suggested that, due to this asymmetry, ATP 

hydrolysis at the SMC3 active site should be sufficient for HDs disengagement32. Our structure of the 

engaged ATPase module supports such a hypothesis, even though a longer residency time of ADP could 

require further events for disengagement30. 

Molecular basis of Cohesin ATPase activity stimulation by NIPBLScc2 and DNA 

The comparative analysis of the structures of the ATPase module in the engaged and productive states 

reveals the changes induced by NIPBLScc2 and DNA binding to reach the full productive conformation. 

Those changes go beyond a mere stabilization of the interaction between the SMC1A and SMC3 HDs. 

Indeed, while engagement causes a lever effect in both HDs, inducing the proper positioning of the 

SMC3 R-loop for DNA docking and of the SMC1A F-loop for NIPBLScc2 binding, this latter interaction is 

key in transforming the semi-productive conformation of the engaged ATPase module into its fully 

productive conformation by reorganizing the interface between the SMC1A and SMC3 GDs. 

In addition, NIPBLScc2 binding to SMC1A occurs not only at the F-loop but also at the SMC1A CC, 

stabilizing additional helical turns of both SMC1A coils upon interaction (Fig. 7E). This double 

interaction of NIPBLScc2 with the SMC1A F-loop and CC can only occur when the SMC1A Helical-lobe is 

in a productive conformation since, in the SMC1A relaxed conformation, the F-loop is positioned 

differently with respect to the CC and adopts a different conformation (Fig. 4C). This implies either that 

NIPBLScc2 binds to the SMC1A HD when its Helical-lobe is already in a productive conformation, or that 

NIPBLScc2 causes this lobe to adopt such a productive conformation. Since the productive conformation 

of the F-loop is linked to the productive interface between the SMC1A RecA-lobe and Helical-lobe, 

these specific interactions of NIPBLScc2 with the SMC1A Helical-lobe will stabilize the productive 
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conformation of the full SMC1A HD, counteracting the intrinsic flexibility of this HD that we observe in 

the engaged complex. 

The binding of NIPBLScc2 to the engaged ATPase module also contributes to the stabilization of this 

module, notably through the interaction of the NIPBLScc2 E-loop with both SMC1A and SMC3 GDs (Fig. 

7D)14. The DNA plays a similar role by docking onto both GDs. These interactions do not cause 

significant structural changes but certainly favor the full productive conformation of the ATPase 

module over its semi-productive conformation. In addition, the interaction of the NIPBLScc2 nose 

domain with the SMC3 joint element further participates to the anchoring of NIPBLScc2 onto the ATPase 

module but also plays a specific role in stabilizing the DNA exit gate in its productive conformation, 

which thus also contributes to the stabilization of the rearranged SMC1A GD/SMC3 GD interface. 

Therefore, NIPBLScc2 and DNA binding to the engaged ATPase module not only favor engagement but 

induce and stabilize specific conformational changes that transform the semi-productive engaged 

ATPase module into a full productive complex (Fig. 9). 

The DNA exit gate resting state and engagement-induced flexibility can support the swing-and-clamp 

mechanism for loop extrusion 

While the comparative analysis of the engaged and productive ATPase modules reveals the changes 

occurring upon NIPBLScc2 binding to this complex, they do not inform on how and when this 

macromolecule docks onto the ATPase module to form the productive complex. Specifically, this 

docking can initially occur on any of the non-engaged HDs or on the already engaged ATPase module. 

Interestingly, a swing-and-clamp mechanism as recently been proposed for the formation of the 

productive complex during loop extrusion by human Cohesin91. This mechanism implies an initial 

spontaneous swinging of the Cohesin arms, upon their bending at their elbow elements, that brings 

and docks NIPBLScc2, the SMC1A and SMC3 hinges and the DNA onto the non-engaged SMC3 

HD/RAD21N complex. Subsequent engagement/clamping of the HDs then induces conformational 

changes that release the hinges, while NIPBLScc2 and DNA are repositioned to form the productive 

complex. 

Our analysis of the human Cohesin ATPase cycle shows that the swing-and-clamp mechanism can build 

on the DNA exit gate resting state and its subsequent engagement-dependent flexibility. Notably, the 

stable resting conformation of the non-engaged SMC3 HD/RAD21N complex, which is independent of 

the SMC3 HD nucleotide binding state, can provide a unique stable docking surface for the incoming 

NIPBLScc2/hinges/DNA complex. ATP-dependent HDs engagement can then cause the formation of the 

semi-productive engaged ATPase module, which then releases the resting conformation of the DNA 

exit gate. The subsequent movement of the DNA exit gate can then enable NIPBLScc2 to bind 

productively to the engaged ATPase module, bringing in turn this module in its full productive 

conformation (Fig. 9). 
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Considering the interaction between the SMC3 joint element and the NIPBLScc2 nose in the productive 

complex, the NIPBLScc2 nose is likely to interact with the joint element upon docking onto the resting 

SMC3 HD/RAD21N complex. This could cause the release of the hinges, which have been shown to 

interact with the NIPBLScc2 nose during the swinging step91, for a new round of loop extrusion. In 

addition, the movement of the DNA exit gate can help the Cohesin to alternate between a strong grip 

on the DNA molecule, in the productive state, and a looser grip, when the DNA exit gate is still 

oscillating, enabling the DNA to follow the movement of the exit gate and of NIPBLScc2 (Fig. S10A-D). 

Specifically, in the productive complex, the DNA is laying on the highly positively charged electrostatic 

potential of the pit formed by the engaged SMC1A and SMC3 GDs (Fig. S10A). In this complex, the 

SMC1A CC shows no strong positively or negatively electrostatic potential and appears mainly to act 

as a rigid wall to maintain the DNA in its binding chamber. In contrast, the DNA exit gate is strongly 

positively charged, and contributes to the binding of the DNA and to its curvature through electrostatic 

interactions and direct contacts such as those made by the RAD21N HelD K25 and K26 lysine residues 

(Fig. S10A-B). In contrast, in a non-productive conformation of the DNA exit gate, the RAD21 HelD is 

displaced, which widens the DNA binding chamber, easing initial DNA movements and binding (Fig. 

S10C-D). 

How the DNA remains bound to the HDs once the ATP is hydrolyzed and the HDs are disengaged is 

unclear. In the resting state, however, the RAD21N HelD forms a specific and highly positively charged 

patch together with the SMC3 GD that is different from that observed when the DNA exit gate is in a 

productive conformation (Fig. S10E-F). This patch could contribute to maintain DNA binding after 

disengagement. Juxtaposition of the SMC1A HD with the SMC3 HD and STAGScc3 could also participate 

to this stabilization of the DNA after disengagement.  

Alternative docking modes of NIPBLScc2 

Considering the large interface between NIPBLScc2 and the SMC1A HD in the productive complex, it 

cannot be excluded that these two macromolecules initially interact together to form this complex. 

Such a binding could occur prior or after HDs engagement. In the former case, NIPBLScc2 binding can 

favor the productive conformation of the SMC1A HD, potentially facilitating subsequent ATP binding 

and engagement with SMC3, while in the latter case, the prior formation of the engaged ATPase 

module provides a full docking platform for NIPBLScc2. In these two mechanisms, however, the non-

productive conformation of the DNA exit gate appears to hamper its interaction with the NIPBLScc2 nose 

domain in its productive conformation (Fig. S10G-H). 

The formation of the productive complex, when NIPBLScc2 initially binds to the SMC1A HD, would 

therefore require that both the NIPBLScc2 nose domain and the DNA exit gate move conjointly from 

initial non-productive conformations to be able to interact as observed in the productive complex. 

These latter movements could be eased by the reported flexibility of NIPBLScc2 and that we observe for 
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the DNA exit gate14,19,61,68,97. The bound DNA could favor this movement by attracting electrostatically 

the DNA exit gate, notably the HelD. Our crosslinking experiments show however that the interaction 

of the DNA exit gate with the DNA is not sufficient to stabilize the productive conformation of the gate, 

implying that the conjoint positioning of NIPBLScc2 onto the DNA is required to stably form the 

productive complex (Video 3). 

Alternatively, it cannot be excluded that initial binding of NIPBLScc2 to the SMC1A HD prevents the 

interaction between the NIPBLScc2 nose domain and the DNA exit gate. This could yield other 

interactions between NIPBLScc2 and the ATPase module. Specifically, NIPBLScc2 needs to switch between 

a loop extrusion mechanism, where the DNA is bound non-topologically, and a genomic loading 

mechanism, where the DNA is bound topologically. A Cohesin complex where the DNA exit gate 

remains mobile, as observed in our structure of the engaged ATPase module, could participate to a 

topological entrapment mechanism. 

Potential opening of the DNA exit gate based on the engagement-dependent flexibility of this gate 

In agreement, the studies reporting an asymmetry of the Cohesin active sites showed that this 

difference between the active sites is observed for the NIPBLScc2-dependent DNA topological 

entrapment by Cohesin, but also for the ESCOEco1-mediated SMC3 K105/K106 acetylation and for the 

PDS5/WAPL-dependent Cohesin genomic unloading15,24,29-32. Thus, these different functions, which all 

require HDs engagement at some stage, could make use of the resting SMC3 HD/RAD21N complex and 

of the semi-productive ATPase module where the DNA exit gate shows engagement-dependent 

flexibility (Fig. 9). 

Notably, in the case of Cohesin unloading, an engagement-dependent opening of the DNA exit gate is 

required. Although ATP binding and hydrolysis have been proposed to be sufficient for this opening in 

the fungi case92, we do not observe such an opening in our various experiments on the human engaged 

ATPase module, even with wild-type SMC1A and SMC3 HDs and in conditions where ATP hydrolysis 

occurs. Interestingly, the region that links the C-terminal extremity of RAD21N to the PDS5 and 

NIPBLScc2 binding motifs is shorter for the former (~10 residues) than for the latter (~60 residues) (Fig. 

S1C). This could suggest a potential opening mechanism in the presence of PDS5 and WAPL where the 

engagement-dependent induced flexibility of the DNA exit gate would exert pulling forces on RAD21N 

and cause the opening of the DNA exit gate. 

The suggested sequestration of the RAD21N HelD by PDS548 could further facilitate the exit of the DNA. 

Interestingly, a role for the RAD21N HelD has also been suggested in the studies reporting DNA 

topological entrapment through the DNA exit gate24,61. In addition, our functional experiments in 

zebrafish demonstrate of the RAD21N HelD importance in vertebrates. Furthermore, the vicinity of the 

SMC3 K105 and K106 to the DNA exit gate suggests a modulation of the DNA exit gate dynamics upon 

recruitment of specific Cohesin regulators by these lysines either acetylated or non-acetylated. 
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Evolutionary differences of the ATPase module and of the DNA exit gate 

The difference in gate opening upon ATP binding/hydrolysis between the fungi and human Cohesin 

adds to the significant differences highlighted by our study on the HDs and ATPase module from these 

different organisms. In addition, the RAD21N HelD domain is less conserved at the sequence and 

structural levels in S. cerevisiae Scc1 and several other fungi (Fig. S1C and S11A-D)10,68, suggesting a 

specific evolution of this domain in S. cerevisiae that could be involved in specific mechanisms. 

However, whether the S. cerevisiae Smc3 CC displays a conformational flexibility, as that we observed 

for the human SMC3 CC, and that would be mechanistically important, remains to be investigated. 

In the case of the S. pombe Cohesin, the Rad21N HelD domain structure and position in the productive 

complex are similar to those of the human RAD21N HelD (Fig. S11E)61, suggesting that the S. pombe 

SMC3Psm3 HD/Rad21N complex could adopt a resting conformation that would potentially be released 

by ATP-dependent engagement. In line with this observation, the specific crosslinks observed between 

the S. pombe SMC3 Psm3 HD, Rad21N, NIPBLMis4, and DNA in the so-called initial binding state compared 

to the productive/DNA gripping state61 could correspond to specific interactions occurring upon a 

docking of NIPBLMis4 and DNA onto a resting SMC3Psm3 HD/Rad21N complex, prior to HDs engagement 

and formation of the DNA gripping complex. 

Finaly, the flexibility of the SMC3 CC, which enables the resting state of the DNA exit gate, is observed 

at the same position in Condensin Smc2, at least in the absence of Brn1N83,85. The Brn1N HelD also 

displays some sequence and structural similarity with that of human RAD21N, including the 

conservation of a N-terminal helix and of K26 (Brn1 K42; Fig. S11F-G), thus raising the question whether 

the Condensin DNA exit gate could also adopt a resting state that would be released upon HDs 

engagement. Specifically, the recent structures of the yeast Condensin ATPase module bound to DNA 

and to the regulatory subunit Ycs4 show important similarities to the published Cohesin productive 

complexes14,61,68,86,88. Similarly, the reported asymmetry of the Condensin ATPase active sites98 could 

also indicate the formation of a semi-productive engaged Condensin ATPase module that would be 

transformed into a full productive complex upon binding of Ycs4 and DNA. 

Conclusions 

Collectively, our results reveal the highly dynamic nature of the human Cohesin ATPase cycle that 

requires specific and concerted conformational movements of the Cohesin ATPase head domains and 

DNA exit gate. Notably, the Cohesin dynamics cause the HDs to adopt diverse conformations that can 

modulate the Cohesin ATPase activity and can be the target of the various Cohesin regulators to 

support the different Cohesin functions (Fig. 9). Understanding how these different conformations and 

interactions occur throughout the Cohesin cycle will be crucial to further characterize the 

structure/function relationships of this complex. 
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 Methods 

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. The sequences coding for the hinges and for the 

coiled-coils up to the joint elements were replaced by sequences coding for a short protein linker 

(either ESSKHPASLVPRGS or GSGSLVPRGSGS), as previously reported10,12. Point mutations were 

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

cloned by Gibson assembly into bacterial co-expression vectors99-102 to code either for native proteins 

(SMC1A-HD and SMC3-HD constructs) or for proteins followed by a 3C protease cleavage site and a 

10xhistidine fusion tag (RAD21N and RAD21C constructs). 

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 (Novagen). Co-transformed cells were selected using the appropriate antibiotics. Colonies were 

used to inoculate large cultures of 2x LB medium that were grown for 6 hours at 37 °C. Protein 

expression was induced at 25°C by the addition of a final concentration of 0.7 mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG; Euromedex), and cells were further grown overnight at 25°C. Culture 

media was discarded after centrifugation and the bacterial pellets from 3 L of culture were 

resuspended with 30 ml lysis buffer containing 200 mM or 500 mM NaCl and 10 mM Tris-HCl pH 8. 

Pellets were stored at -20°C until further use.  

After sonication, lysate clarification was performed by centrifugation (1 hour at 17,000 rpm). The 

recombinant SMC1A HD/RAD21C and SMC3 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 (Takara Bio). 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 (GE Healthcare) 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 16/60 Superdex 200 column (GE Healthcare) equilibrated with a 

buffer containing 200 mM NaCl, 10 mM Tris-HCl pH 8, 2 mM MgCl2 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 (Merck 

Milipore), and either used immediately or frozen in liquid nitrogen and stored at -80°C for later use. 

ATPase assays 
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Measurement of the ATPase activity of wildtype and mutant SMC1A-HD/RAD21C and SMC3-

HD/RAD21N complex were assayed using the EnzChek Phosphate Assay Kit (Thermo Fischer Scientific). 

For these assays, a final concentration of 20 µM of a single protein complex or 10 µM of each protein 

complex upon mixing were incubated with 1 mM ATP. After addition of ATP, the ATP hydrolysis activity 

was immediately assessed at 30 °C, by measuring the absorbance at 360 nm every 42 seconds for 2 

hours, using a spectrophotometer plate reader (TECAN). The ATPase activities, expressed in Pi 

molecules released per dimer and per minute shown in the figures were calculated in the linear range 

of the curves. The experiments have been performed in either duplicates or triplicates.  

Isothermal titration calorimetry measurements 

For ITC measurements, ATP, ATPγS 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, 2 mM MgCl2 and 1 mM TCEP). Each 

nucleotide was injected into 189 to 330 µM of either the wildtype or the EQ-mutant SMC1ACC/RAD21C 

or SMC3CC/RAD21N complexes, respectively. ITC measurements were performed at 5 °C using a PEAQ-

ITC microcalorimeter (Malvern Panalytical). ITC data were then corrected for the dilution heats 

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

buffer. ITC data were then fitted with either one binding event or two binding events models, using 

the AFFINImeter analysis software.  

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. All mutated complexes were purified following standard protocol described above. 

Mutated SMC3CC/RAD21N proteins were mixed to a final concentration of 6 µM alone or in the 

presence of SMC1ACC/RAD21 (7 µM), ATP (20 µM), DNA (10 µM) and MgCl2 (40 µM). 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 β-mercaptoethanol after 2, 5 and 10 

minutes, and was further heated at 70°C for 5 min. Samples were loaded on acrylamide gel and band 

intensity was measured using Fiji103. All experiments were performed in triplicates. 

Crystallizations 

Initial crystallization assays were carried out with commercial crystallization screens in swissci 96-Well 

3-Drop MRC crystallization plates (Molecular Dimensions). Crystals were grown using the sitting-

drop vapor-diffusion method at 4, 20 and 27 °C. Briefly, 200 nl of 4 to 15 mg/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, especially those from SMC3 HD/RAD21N, required extensive 
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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 3.0 Å) were obtained and processed by indexation, integration, and scaling 

within the XDS program104. Data were merged using Aimless from the CCP4 software suite105. The 

various SMC1A HD/RAD21C and SMC3 HD/RAD21N structures were solved by molecular replacement 

using PhaserMR106 using respectively the yeast Smc1 HD/Scc1C (PDB entry 1W1W) and Smc3 

HD/Scc1N (PDB entry 4UX3) structures as models.  The initial models were subsequently iteratively 

built and refined using the Coot and Phenix refinement programs107,108. All refined models were 

verified with Molprobity109 and showed good refinement statistics (Tables S2-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 purified SMC1ACC/RAD21C and SMC3CC/RAD21N complexes were 

supplemented or not with 0.5/1 mM of the different nucleotides (ADP, ATP, ATPγS, AMP-PNP), diluted 

to a concentration of 50 µM, and loaded onto a Superdex S200 10/300 column (GE Healthcare) 

equilibrated with a buffer containing 200 mM NaCl, 10 mM Tris-HCl pH 8.5 mM MgCl2 and 1 mM TCEP, 

either without nucleotide or supplemented with 0.5/1 mM of the chosen nucleotide. The experiments 

performed 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 8.5 mM MgCl2 and 1 mM TCEP, were diluted to a final 

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

concentration of 1 mg/mL for the heterodimers. ADP, ATP and low-hydrolysable ATP analogs (ATPγS, 

AMP-PNP) were added to the diluted samples at a concentration of 0.5/1 mM prior to measurements. 

The A280 nm scans data were acquired at 9 min intervals for 24h. The SEDNTERP software 110 was used 

to estimate the partial specific volume of the protein (υ), the density (ρ), and the viscosity (η) of the 

samples. Data were analyzed in the SEDFIT software111 using the continuous c(s) distribution analysis. 

AUC graphs were rendered in the GUSSI software112. 

Cryo-electron microscopy sample preparation and data acquisition 
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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 Superdex 200 16/600 column (GE Healthcare) equilibrated with the purification buffer (200 mM 

NaCl, 10 mM Tris-HCl pH 8.2 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 μl aliquot of the sample was applied onto an in-house PEGylated gold 1.2/1.3 grid113. 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 software114 

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. 40 movies frames were recorded at a dose rate of 7.4 electrons per Å2 

per second to a total dose of 44.42 e/Å2. A total of 4146 micrographs were collected.  

Cryo-electron microscopy data processing, model building and refinement 

The detailed image processing and its related statistics are summarized in Fig. S7. All micrographs were 

CTF estimated and motion-corrected using Warp115. Particles were picked using the neural network 

BoxNet2 of Warp, yielding 399,773 particles positions. Subsequently, particles were extracted for 

processing in cryoSPARC116 to perform 2D classification. 204,379 particles belonging to the best 2D 

classes were subjected to ab initio reconstruction with 2 classes, followed by a non-uniform refinement 

using default parameters. This refinement on the two classes obtained led to a 4.04 Å map and a 4.50 

Å map of the engaged complex. Only the first map, obtained with a majority of the particles, was of 

sufficient quality for model building.  

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

SMC1ACCsh/RAD21C and SMC3CC/RAD21N for docking into the cryo-EM map using UCSF chimera117. 

After few manual adjustments, real-space refinement of the model in Phenix118 with secondary 

structure restraints, global minimization, morphing, and simulated annealing was performed. The 

model was then further improved by several cycles of manual building/adjustment in Coot108 and real 

space refinement in Phenix. Model validation was performed within Coot and with MolProbity119. 

Zebrafish rescue experiments and immunostaining 

Zebrafish (Danio rerio) were raised and maintained as described120. The mutant line rad21ahi2529Tg/+ (AB 

genetic background) was obtained from the International Resource Center for Zebrafish (ZIRC#ZDB-

ALT-041006-8). The zebrafish line reproduces normally. The rad21a heterozygote mutants exhibit no 

phenotype. The rad21a homozygote mutants died at 5 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 95. All the 

experiments were at least duplicated, all phenotypes were scored blind to the genotypes, and all 
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statistical analysis were performed using GraphPad Prism v8.0.2.263 (GraphPad Software, San Diego, 

CA) and R (R Core Team (2021). R: A language and environment for statistical computing. R Foundation 

for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/).  

For wild-type (WT) and mutant rescue experiments, Danio rerio WT and truncated rad21a messenger 

RNAs were Sanger sequenced, cloned into pCS2 vector and transcribed using the SP6 mMessage 

Machine kit (Invitrogen). We injected 200 pg RNA (WT or mutants) into mutant or WT zebrafish 

embryos at the 1- to 2-cell stage. Eye diameter, body curvature and pericardial edema were scored on 

injected larvae at 3 dpf fixed in 4% PFA and washed in PBS-Tween 0.1%. Body curvature (Fig. S9A) and 

eye diameter (Fig. S9B) were measured using Fiji and statistical differences were assessed using ANOVA 

followed by Turkey’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 (Fig. S9C) and a Fisher’s exact test was performed to 

determine significance. 

Acridine orange experiment was performed on embryos at 1dpf. The embryos were dechorionated 

and incubated at 28°C for 30 min in E3 embryo medium supplemented with 2 µg/mL acridine orange. 

After extensive washing, embryos were anesthetized with tricaine and imaged as Z-stacks with GFP 

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

differences were assessed with a t-test. All animal experiments were carried out according to the 

guidelines of the Ethics Committee of IGBMC and ethical approval was obtained from the French 

Ministry of Higher Education and Research under the number APAFIS#15025-2018041616344504. 

Generation of the graphical supports 

The graphics in the figures have been generated with Pymol (The PyMOL Molecular Graphics System, 

Version 2.0 Schrödinger, LLC), Coot108, Chimera117, GraphPad Prism (GraphPad Software, San Diego, 

CA) and BioRender.com. 
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Figure legends 

 

Figure 1. Distinct ATP hydrolysis and ADP/ATP binding properties of the human SMC1A and SMC3 

ATPase head domains. 

A. Schematic representation of the human Cohesin core complex. Specific elements are labeled. 

B. ATPase activity of the independent and mixed SMC1ACC/RAD21C and SMC3CC/RAD21N complexes. 

Mixing of both complexes leads to a robust increase in ATPase activity, whereas the independent 

complexes display very little activity. The ATPase activity is given in Pi molecules released per dimer 

and per minute. 

C. Measurements of the Kd of ADP for the SMC1ACC/RAD21C and SMC3CC/RAD21N complexes. 

SMC3CC/RAD21N shows a higher affinity for ADP than SMC1ACC/RAD21C. 

D. Same as in (C) for ATP. In contrast to ADP, both complexes show a similar Kd for ATP. 

Figure 2. Organization of the SMC1A HD ATP binding site by the P-loop and R-loop. 

A. Ribbon representation of the SMC1ACC/RAD21C complex in apo, ADP-bound and ATPγS-bound 

forms upon superposition of the α-helix following the P-loop. In the apo form, the P-loop adopts a 

closed conformation, whereas it has an open conformation in the nucleotide-bound forms. 

B. Interaction network, including water molecules (red spheres), that stabilize the apo closed 

conformation of the P-loop. 

C. Interaction network that stabilizes R57 from the SMC1A R-loop and enables this residue to 

participate to the organization of the SMC1A ATP binding site already prior to nucleotide binding. 

D. Interaction of SMC1A R57 with a bound ATPγS molecule that enable this residue to stabilize 

nucleotides in the ATP binding site. 

E. ATPase activity of the independent (left panel) and SMC3-bound (right panel) SMC1A R57A and CdLS 

ΔV58-R62 mutants. While the mutations prevent ATP hydrolysis by the independent SMC1A HD, they 

only slightly affect the ATPase activity of the engaged complex. The ATPase activity is given in Pi 

molecules released per dimer and per minute. 

Figure 3. Specific conformational movements of the SMC1A HD upon nucleotide binding. 

A. Conformational movements of the SMC1A HD, keeping RAD21C fixed, upon ADP binding. ADP 

binding causes rotational movements in the same direction for the RecA-lobe and Helical-lobe. 

B. Same as in (A) upon ATPγS and Mg binding. In contrast to ADP binding, the RecA-lobe and Helical 

lobe of the SMC1A HD rotate in opposite directions upon ATPγS binding, causing a shrinkage of the 

HD. 

C. Specific movements of the SMC1A Q-loop and Q137 depending on the nucleotide binding state. Only 

ATPγS binding and its associated changes bring Q137 in productive distance to the Mg ion and γ group 

of the ATPγS molecule. 
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D. Opposite rotational movements of the SMC1A Helical-lobe upon ADP and ATPγS binding. 

E. The movements observed in (D) are in a same plane that passes through Q137, explaining the 

movements of this catalytic residue in the various nucleotide-binding states. 

Figure 4. SMC1A adopts a relaxed conformation different from that in the productive complex. 

A. Movements of the Helical-lobe with respect to the RecA-lobe of SMC1A upon formation of the 

productive complex. These movements are caused by a lever effect which induces a displacement of 

the CC and a sliding of the second signature-coupling helix of SMC1A. These movements are similar in 

the SMC1ACCsh which undergoes an artificial lever effect. Therefore, the SMC1A HD adopts a relaxed 

conformation, regardless of its nucleotide-binding state, which is released by engagement. 

B. Same as in (A) in a 90° view focusing on the SMC1A Helical-lobe. A repositioning of the SMC1A CC, 

like in the apo form, is observed upon the lever effect caused by the formation of the productive 

complex. 

C. Conformational and positional changes occurring in the SMC1A F-loop and signature motif upon 

formation of the productive complex. These are the only significant changes occurring in the helical 

lobe and are intimately linked to the reorganization of the RecA-Lobe/Helical-lobe interface as shown 

by the similar changes observed in the SMC1ACCsh structure that do not homodimerize upon 

crystallization. 

D. The Q-loop and Q137 do not adopt a fully productive position in the SMC1ACCsh/RAD21C structures 

due to the intermediate lever effect artificially induced on this HD. 

Figure 5. SMC3 adopts a stable inactive conformation regardless of its nucleotide-binding state. 

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

bound and ATPγS-bound) showing that, in contrast to SMC1A, the SMC3 HD adopts a stable 

conformation regardless of its nucleotide-binding state. 

B. Close-up on the ATP binding site of the structures shown in A. Q141 remains turned away from the 

active site showing that the SMC3 HD adopts an inactive conformation whatever its nucleotide-binding 

state. 

C. Conformational changes of the SMC3 HD upon formation of the productive complex, including, like 

for SMC1A, a lever effect that slides the second signature-coupling helix of this HD. 

D. Multiple specific changes in the SMC3 HD induced by the formation of the productive complex. 

Figure 6. The Cohesin DNA exit gate adopts a stable resting state when the SMC3 HD is non-engaged. 

A. Comparison of the independent SMC3 HD structures with that of this HD in the productive complex. 

A major kink of the SMC3 CC is observed in the non-engaged structures that repositions the RAD21N 

HelD without perturbing the structure and integrity of the DNA exit gate. We have termed resting state 

this novel conformation of the DNA exit gate. 
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B. Structure of the SMC3 HD/RAD21N complex in its resting conformation showing the positioning of 

the RAD21N HelD domain at the interface between the RecA-lobe and Helical-lobe of the SMC3 HD. 

C. Structure of the SMC3 HD/RAD21N complex in its productive conformation showing that the DNA 

exit gate is further away and hardly interacts with the SMC3 GD. 

D. Interactions made by the RAD21N HelD domain with the SMC3 GD and notably the DNA in the 

productive complex. 

E. Interactions made by the RAD21N HelD domain with the SMC3 GD in the resting state. 

F. Steric clashes occurring (circle) between the SMC3 second signature-coupling helix in the productive 

conformation and the RAD21N long α-helix paralleling the SMC3 CC in the resting state. The resting 

conformation of the DNA exit gate is therefore incompatible with the lever effect in the SMC3 HD. 

Figure 7. ATP-dependent engagement of the SMC1A-EQ and SMC3-EQ HDs yields a semi-productive 

engaged ATPase module with a flexible DNA exit gate. 

A. Size exclusion chromatographic profiles and associated SDS-PAGE analyses of the mixed SMC1ACC-

EQ/RAD21C and SMC3CC-EQ/RAD21N mutants in the absence (red) and the presence (orange) of ATP. 

In the presence of ATP, a shift of the peak toward the high molecular weight fractions demonstrates 

of the stable ATP-dependent engagement of the mutants to form the engaged ATPase module. The 

fractions analyzed by SDS-PAGE are indicated with a black bar in the chromatographic profiles. 

B. Analytical ultracentrifugation velocity experiments confirming that the mutants used in (A) can form 

the engaged ATPase module in the presence of ATP. 

C. Structural model of the human engaged ATPase module displayed within the 4.0 Å resolution cryo-

EM map. The map unambiguously shows the absence of a conformationally stable DNA exit gate, 

implying that, upon engagement, the DNA exit gate is released from its resting state and becomes 

flexible. 

D. Superposition of the engaged and productive ATPase modules using the SMC1A HD as reference for 

superposition. A displacement of the SMC3 HD with respect to the SMC1A HD is observed between 

both structures that is due to the binding of NIPBL (blue) to the SMC1A F-loop at the SMC1A/SMC3 

interface. For clarity, only the region of NIPBL binding to the F-loop and the NIPBL E-loop are displayed. 

E. Superposition of the SMC1A HD in the engaged and productive complexes. Both structures display 

a very high similarity, showing that engagement already induces most of the conformational changes 

observed for this HD in the productive complex. The major difference concerns the stabilization of the 

region of each coil that interacts with the C-terminal part of the hook domain of NIPBL. 

F. Superposition of the SMC3 HD in the engaged and productive complexes. Both structures also 

display a very high similarity, showing that engagement also induces most conformational changes 

observed in the productive complex. The DNA exit gate composed of the SMC3 CC and RAD21N is 

however not seen in the engaged ATPase module due to its inherent flexibility and is only stabilized in 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 30, 2022. ; https://doi.org/10.1101/2022.06.24.497451doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.24.497451


32 
 

its productive conformation by the binding of NIPBL and DNA. For simplicity, the SMC3 joint element 

is not shown. 

G. Representation of the motifs forming the SMC1A composite ATPase active site and of the bound 

ATP molecule embedded in the 4.0 Å cryo-EM map contoured at 5 σ. The active site is in a non-

productive mode, notably with SMC1A Q137 which is turned toward and interacts with the SMC3 

signature motif. 

H. Same as in (G) for the SMC3 composite ATPase active site where the positioning of the different 

motifs and of Q141 are compatible with productivity. 

I. Quantification of crosslinked species for the SMC3CC-D120C/RAD21N-K25C pair in experiments 

performed at room temperature. The supplementation of the SMC1ACC/RAD21C, ATP and DNA is 

indicated underneath the graph. Crosslinking of the SMC3 GD and RAD21N is retained even upon ATP-

dependent engagement and DNA binding, showing that the exit gate remains shut. All experiments 

were done in triplicates. 

J. Same as in (I) for the SMC3CC-D192C/RAD21N-K26C pair. The longer distance between the SMC3 GD 

and RAD21N in an extended state of the SMC3 CC enables the observation of the DNA exit gate resting 

state release and dynamic upon engagement. DNA binding does not alter significantly this dynamic. 

Figure 8. Functional importance of the RAD21N HelD domain and of the DNA exit gate in the 

zebrafish. 

A. From left to right, representative lateral images of zebrafish rad21+/+ (wildtype; WT), homozygous 

mutant rad21hi2529Tg/hi2529Tg, and homozygous mutant rad21hi2529Tg/hi2529Tg larvae rescued with 200 pg of 

mRNA encoding WT full-length Danio rerio rad21 at 3 days post-fertilization (dpf). Scale bar, 0.5 mm. 

* indicates the presence of a pericardial edema. 

B. Dot plots measurements of body curvature (°) and eye diameter (mm) for homozygous mutant 

rad21hi2529Tg/hi2529Tg larvae injected with sham or full-length WT Danio rerio rad21a (RAD21 WT) or with 

the rad21a mRNA lacking the first 21 residues (RAD21-Δ21). Statistical significance was assessed by 

ANOVA followed by a Tukey’s test for post-hoc analysis. All experiments have been performed in 

biological duplicates. The p-values are indicated on the graphs. N corresponds to the number of 

embryos per condition. 

C. Bar graph showing the presence of pericardial edema for homozygous mutant rad21hi2529Tg/hi2529Tg 

larvae injected with sham or full-length WT Danio rerio rad21a (RAD21 WT) or with the rad21a mRNA 

lacking the first 21 residues (RAD21-Δ21). Larvae were binned into three categories:  severe, mild or 

absent (none). Statistical significance was assessed by a Fisher’s exact test. All experiments have been 

performed in biological duplicates. The p-values are indicated on the graphs. N corresponds to the 

number of embryos per condition. 
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D. From left to right, representative lateral images of zebrafish rad21+/+ (wildtype; WT) larvae and WT 

larvae injected with full length WT Danio rerio rad21 (RAD21 WT) or with the rad21 mRNA lacking the 

first 87 residues (RAD21-Δ87) at 1 day post-fertilization and stained with acridine orange to visualize 

apoptotic cells. The number of apoptotic cells were counted in the highlighted brain area (dotted line 

on the images). The dot plot represents the number of apoptotic cells/mm². A T-test was conducted 

between pairs of conditions to determine significance. The p-values are indicated on the graphs. 

Acridine orange staining has been performed two times. N corresponds to the number of embryos per 

condition. Scale bar, 0.1 mm.  

Figure 9. Model of ATP-dependent mechanistic pathways underlying the Cohesin functions 

Model of the implication of the Cohesin ATPase cycle in the mechanisms supporting the Cohesin 

functions. The SMC1A and SMC3 HDs are in inactive relaxed and resting conformations prior and after 

their ATP-dependent engagement. Engagement induces major structural changes in both HDs but 

leads to a semi-productive conformation of the ATPase module. This semi-productive conformation, 

which is due to an asymmetry of the SMC1A and SMC3 active sites, could be used by regulators to 

drive the genomic loading, stabilization and unloading steps of Cohesin. In contrast, this semi-

productive conformation is modified by the binding of NIPBLScc2 and DNA to lead to the productive 

complex involved in loop extrusion. Dissociation of the ATPase module results from ATP hydrolysis at 

one or both active sites, depending on the conformation of this module. All these mechanisms act 

synergistically to support the various Cohesin functions. 

 

Video 1. Conformational changes of the SMC1A HD during the ATPase cycle. 

Conformational changes undergone by the SMC1A HD upon switching from its apo to its ATP-bound, 

productive, and ADP-bound states. 

Video 2. Conformational changes of the SMC3 HD during the ATPase cycle. 

Conformational changes undergone by the SMC3 HD upon switching from its apo to its ATP-bound, 

productive, and ADP-bound states. 

Video 3. Model of the Cohesin ATPase cycle. 

Model for the formation of the productive ATPase module of human Cohesin upon docking of NIPBL 

and DNA onto the semi-productive engaged ATPase module, including a conjoint movement of the 

NIPBL nose and DNA exit gate. Alternative mechanisms for the formation of the productive complex 

and the implication of the ATPase module in topological DNA loading and unloading are provided in 

the discussion. 
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