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A B S T R A C T

DNA loop extrusion plays a key role in the regulation of gene expression and the structural arrangement of
chromatin. Most existing mechanistic models of loop extrusion depend on some type of ratchet mechanism,
which should permit the elongation of loops while preventing their collapse, by enabling DNA to move in only
one direction. STAG2 is already known to exert a role as DNA anchor, but the available structural data suggest a
possible role in unidirectional DNA motion. In this work, a computational simulation framework was constructed
to evaluate whether STAG2 could enforce such unidirectional displacement of a DNA double helix. The results
reveal that STAG2 V-shape allows DNA sliding in one direction, but blocks opposite DNA movement via a linear
ratchet mechanism. Furthermore, these results suggest that RAD21 binding to STAG2 controls its flexibility by
narrowing the opening of its V-shape, which otherwise remains widely open in absence of RAD21. Therefore, in
the proposed model, in addition to its already described role as a DNA anchor, the STAG2-RAD21 complex would
be part of a ratchet mechanism capable of exerting directional selectivity on DNA sliding during loop extrusion.
The identification of the molecular basis of the ratchet mechanism of loop extrusion is a critical step in
unraveling new insights into a broad spectrum of chromatin activities and their implications for the mechanisms
of chromatin-related diseases.

1. Introduction

From sister chromatid cohesion during replication to regulation of
gene expression, DNA repair capabilities and 3D structure management,
the cohesin complex is a key element in the administration of the human
genome [1–3]. The cohesin complex comprises four core subunits,
namely SMC1A/B, SMC3, RAD21, and STAG1/2. Additionally, other
associated proteins, including NIPBL, PDS5, and WAPL, play crucial
roles in the cohesin complex functions [4–6].

SMC1A/B and SMC3 belong to the SMC (Structural Maintenance of
Chromosomes) protein family, a highly conserved group of ATPases.
Each SMC protein has an amino- and carboxy-terminal globular domains
linked by a central hinge domain through coiled coils. This architectural
arrangement forms a rod-like structure, with both globular domains
situated on one end and the hinge on the other. The amino-terminal
head hosts the Walker A motif, crucial for ATP binding, while the
carboxy-terminal head features the Walker B motif and a signature
sequence, completing the active site responsible for ATP hydrolysis. The
six principal SMC proteins (SMC1–6) engage in specific heterodimeric

pairings: SMC1A/B-SMC3 for cohesin, SMC2-SMC4 for condensin, and
SMC5-SMC6, each contributing uniquely to the multifaceted functions
of the SMC protein family [7,8].

In conjunction with the SMC1A/B-SMC3 proteins, the cohesin com-
plex incorporates the proteins RAD21 (Double-strand-break repair pro-
tein rad21 homolog) and STAG1/2 (Stromal antigen 1/2). RAD21,
belonging to the kleisin superfamily of proteins, plays a crucial role by
binding to the globular heads of both SMC1A/B-SMC3, thereby facili-
tating the formation of a ring-like structure. Furthermore, RAD21 is
instrumental in recruiting STAG1/2 to the complex, contributing to the
intricate assembly and functional dynamics of the cohesin machinery
[9]. STAG1 and STAG2 are closely homologous proteins with a char-
acteristic HEAT-repeat domain structure, exhibiting variations in their
most distal amino- and carboxy-terminal regions. These differences
result in diverse but overlapping regulatory roles in gene expression,
coupled with unique chromosomal distribution patterns, by which
STAG1 is predominantly found in telomeric regions, and STAG2 is more
prevalent in centromeric and chromosome arm regions [10–13]. To
date, neither of them is known to exert additional functions independent
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Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

journal homepage: www.elsevier.com/locate/ijbiomac

https://doi.org/10.1016/j.ijbiomac.2024.133822
Received 5 February 2024; Received in revised form 8 July 2024; Accepted 9 July 2024

mailto:pagomez@cbm.csic.es
www.sciencedirect.com/science/journal/01418130
https://www.elsevier.com/locate/ijbiomac
https://doi.org/10.1016/j.ijbiomac.2024.133822
https://doi.org/10.1016/j.ijbiomac.2024.133822
https://doi.org/10.1016/j.ijbiomac.2024.133822
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2024.133822&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


International Journal of Biological Macromolecules 276 (2024) 133822

2

of the cohesin complex.
Consistent with the relevance and variety of its molecular roles,

variants in the constituents of the human cohesin complex have been
linked to several genetic diseases, most prominently Cornelia de Lange
Syndrome [14–16], and cancer [17].

The cohesin complex plays a pivotal role in orchestrating genome
expression and maintaining the three-dimensional structure of chro-
matin through a mechanism known as loop extrusion [3,18,19]. In this
process, the complexes bind to specific DNA sites and dynamically
translocate along the chromatin fiber, actively forming loops by physi-
cally extruding the intervening DNA segments [20,21]. The energy for
this process is provided by ATP hydrolysis [22–24]. During interphase,
loop extrusion organizes chromatin in TADs (Topologically Associating
Domains) which are limited by DNA-bound transcriptional factors CTCF
(CCCTC-binding factor) [25,26]. These TADs display an increased
probability of intra-domain interactions compared to their surround-
ings, and they are linked to processes such as gene regulation, DNA
replication, recombination, and repair. Importantly, the STAG2-RAD21
complex is acknowledged for its interaction with the N-terminus of
CTCFs [27,28].

Over the past few years, several models for loop extrusion have been
proposed for SMC complexes [20,29–34].

In the walking model, also known as the tethered-inchworm model,
the DNA is tethered to the hinge and to the HAWK (HEAT proteins
Associated With Kleisins) subunits, namely NIPBL (Nipped-B-like pro-
tein) and STAG1/2, which are, in turn, connected to SMC1A/B and
SMC3 head domains. As the heads are linked to the hinge via coiled
coils, when they bind to ATP, reaching a closed conformation, they
create steric strain between the hinge and themselves. Hydrolysis of the
ATP molecules bound by the head domains relieves this steric tension,
causing the heads to move apart and pumping the DNA linked to one of
the HAWK subunits of the heads into the loop [33].

The pumping model involves trapping a large loop of DNA near the
head region. While the heads are bound to ATP, the coiled coils remain
open, allowing the formation of a smaller DNA loop between the glob-
ular heads and the hinge. Upon ATP hydrolysis, the coiled coils transi-
tion into a closed-rod state with the heads juxtaposed, pushing the
length of the smaller DNA loop into the larger one, which is still
anchored to one of the heads [32].

Similar to the pumping model, in the scrunching model, a large loop
is affixed to the globular heads and a smaller loop is formed between the
coiled coils. In this case, instead of adopting a closed conformation, the
system shifts into a B-shaped conformation. This movement causes the
hinge to approach the globular heads by displacing the coiled coils
apart, thereby inducing the DNA within the smaller loop to merge into
the main loop associated with the heads [35]. In a variation of this
model, the coiled coils maintain a rigid rod-like structure, while the
hinge translocates to the globular heads through an elbow-like move-
ment of the coiled coils [36–38].

In the Brownian ratchet model, DNA is bound to the two globular
heads via NIPBL, and to the hinge via STAG2. In the initial position,
often referred to as the “gripping state”, both the hinge with STAG2 and
the two globular heads with NIPBL securely immobilize the DNA. In this
state, the coiled coils are bent, and the closely-held angle they form
keeps the other end of the DNA in place, creating the loop. Following the
ATP hydrolysis, the protein enters the “slipping phase”, during which
the globular heads open, releasing the DNA. The STAG2-hinge module
then draws the DNA into the loop, capitalizing on the tension accumu-
lated in the coiled coils. During this phase STAG2 behaves like a clamp.
Subsequently, STAG2 dissociates from the hinge, allowing the cohesin
complex to revert to its bent conformation and reassemble into the
gripping state [29].

Another proposed mechanism, based on the analysis of alterations in
DNA topology induced by condensin, is known as pinch and merge.
Resembling the concepts of pumping and scrunching models, in pinch
and merge, a small DNA loop is generated and incorporated into an

anchored DNA loop [34]. The specific subunits of the condensin com-
plex responsible for this movement remain uncertain.

Despite their different schemes, one thing that all of these models
have in common is the need for some mechanism that allows DNA to
move in one direction but not in reverse, thus facilitating the formation
and elongation of loops and preventing their shortening. The molecular
nature of this ratchet-like mechanism remains elusive to this day.

The objectives of this study were: i) to evaluate the role of STAG2 as
part of a putative DNA molecular ratchet mechanism, and ii) to examine
the influence of RAD21 binding on the flexibility of STAG2.

The results derived from a combination of atomistic and coarse-
grained simulations provide support for the hypothesis that the
STAG2-RAD21 complex facilitates unidirectional DNA displacement.
Additionally, these simulations reveal that RAD21 binding to STAG2
stabilizes a conformation compatible with its role in the proposed
ratchet mechanism. Identifying the molecular nature of the ratchet
mechanism required by the current loop extrusion models has extensive
implications in a wide range of chromatin-related processes.

2. Methods

2.1. Model construction

The STAG2-RAD21-DNA model was built by combining a STAG2-
RAD21 model and a 120 bp long DNA model with available structural
information on the protein-DNA interaction in Saccharomyces cerevisiae
homologs.

The STAG2-RAD21 model was built on the Protein Data Bank (PDB)
entry 4PJW [39], which already describes the human STAG2-RAD21
complex, the missing gaps of which were modeled through a super-
vised modeling strategy, combining and curating the predictions ob-
tained using the methods Phyre2 [40] and SwissModel [41].

The 120 bp long CG DNA model was constructed using the x3DNA
method [42]. The CG composition was intended to enhance the double
strand stability, while the 120 bp length was chosen to prevent border
effects during pulling simulations.

To model the STAG2-RAD21 interaction with DNA, the PDB entry
6H8Q [43], was used as reference. 6H8Q provides the 3D structure of
the SCC3-SCC1 (Sister chromatid cohesion 3 & 1) complex bound to
DNA solved by X-ray crystallography. SCC3 and SCC1 are Saccharomyces
cerevisiae orthologs to human STAG2 and RAD21 respectively. Thus, the
alignment of the STAG2-RAD21 model alpha carbon atoms to those of
the protein moiety of the PDB structure 6H8Q, and the alignment of the
phosphorus atoms of middle section of the 120 bp DNAmodel to those of
the DNA fragment in the PDB entry 6H8Q, provided an initial mode of
interaction between the STAG2-RAD21 model and the 120 bp DNA
model. This initial layout was subsequently refined to mimic the protein-
DNA interactions observed in the PDB structure 6H8Q, by slightly
reorienting the STAG2-RAD21 model to remove the C-terminal clash
with the DNA molecules, hence creating an interaction surface between
positively charged residues and the DNA double strand analogous to that
observed in the PDB entry 6H8Q (Fig. 1A).

Finally, the STAG2 model was obtained by removing the RAD21
moiety of the STAG2-RAD21 model previously described. A general
diagram of the modeling process is available at Supplementary Fig. 1A.

2.2. All-atom molecular dynamics simulations

For the all-atom simulations, using the “LEaP” module of Amber
Tools [44], the protein moiety of the STAG2-RAD21-DNA model was
parameterized with the Amber ff14SB [45] force field, while the Amber
OL15 force field [46] was used for the DNA parameterization. The
structure was solvated with the “TIP3P” solvent model [47], adding Na+

and Cl− ions to neutralize the charge on the system and reach a 150 mM
salt concentration [48]. The combination of force fields and solvent
models aligns with the Amber manual recommendations.
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Simulations were computed with OpenMM 7.5.1 molecular dy-
namics simulation toolkit [49]. Tools from the OpenMM suite were used
as follows. The non-bonded method used was “Particle Mesh Ewald
(PME)” with a non-bonded cutoff of 8 Å. The integrator used was
“LangevinMiddleIntegrator” at 298 K with a collision frequency of 1 ps,
applying “HBonds” constraints that allowed a time step of 2 fs. To
maintain NPT conditions, the pressure coupling was controlled by a
“MonteCarloBarostat” at 298 K and 1 bar.

The initial model structure was minimized by the “minimizeEnergy”
method with default values. After minimization, a 10 ns long equili-
bration phase took place, followed by a 2 μs long production phase. To
facilitate the removal of modeling clashes in the protein-DNA interfaces,
during the minimization and equilibration phases, a positional restraint
was applied to the DNA phosphorus atoms while a repulsive quadratic
potential was applied to the protein alpha‑carbon and DNA phosphorus
atoms that were closer than 7 Å. The force constant for both forces was 5
kcal mol− 1 Å− 2. These restraints were removed at the end of the equil-
ibration phase.

During the production phase, 4 bp of both ends of the DNA strands
were fixed in place by center of mass restraints and by positional re-
straints. The center of mass restraints allowed the free DNA molecule
rotation and were applied during the first 500 ns to facilitate the po-
tential relaxation of the protein-DNA interfaces. The positional restraints
did not allow such rotation and were applied during the last 1.5 μs of free
MD. In both cases, the force constant applied was 5 kcal mol− 1 Å− 2.

The STAG2 and STAG2-RAD21 models, in absence of DNA, were
parameterized and simulated in identical conditions to the STAG-
RAD21-DNA model, but without requiring any external potentials. The
production phase for these conditions was 1 μs long. A general diagram
of the simulations produced is available at Supplementary Fig. 1B.

CPPTRAJ 5.1.0 [50] was used for trajectory processing while VMD
1.9.3 [51] was used for visualization and analysis. Parsing and plotting
of the measurements produced was performed with Pandas 2.1.1 and
Matplotlib 3.8.5 under Python 3.11.5.

2.3. Coarse-grained simulations

The 500 ns frame of the 2 μs long all-atom molecular dynamics (MD)
simulation was used to build a coarse-grained model of the STAG-

RAD21-DNA complex parameterized with the Martini force field. Bead
mapping of the STAG2-RAD21 complex was performed using “marti-
nize2” version 0.7.3 (https://github.com/marrink-lab/vermouth-marti
nize) with Martini 2.2 [52–54] as the force field. The secondary struc-
ture was detected using the algorithm DSSP [55,56], and an elastic
network was added. For the DNA component, “martinize-dna.py” script
was used with Martini 2.2 DNA [57] force field, specifically the “stiff
double strand DNA” type.

The system was solvated in a rectangular water box using “insane.
py” [58]. Water beads from the Martini 2.0 solvents force field were
used as solvent, while Na+ and Cl− beads from the Martini 2.0 ions force
field were employed as ions. To prevent water freezing, 10 % of the
water beads were converted to anti-freezing water beads using an in-
house-designed script. The DNA strand ends were positionally
restrained to maintain the stability of the system, with the right end left
free in the Z-axis to allow the bending of the DNA strand.

Molecular dynamics simulations were performed using GROMACS
2022.5 [59,60], modified with the open-source, community-developed
PLUMED library version 2.8.2 [61]. Temperature and pressure coupling
were maintained using the “v-rescale” and “c-rescale” algorithms, which
achieved greater stability, while constraints were solved using the LINCS
algorithm [62]. To further enhance simulation stability, a time step of
0.01 ps was employed. The neighbor search utilized the “Verlet cutoff
scheme” with a buffer tolerance of 0.005 kJ mol− 1 ps− 1. Coulomb in-
teractions were managed using the reaction field method with a cutoff of
1.1 nm. A relative dielectric constant of 15 was applied and van der
Waals forces were computed with a cutoff of 1.1 nm using a potential-
shift with the “Verlet cutoff scheme”. The system underwent energy
minimization for 50,000 steps using the “steepest descent” algorithm.
Equilibration was then carried out for 100,000 steps at 300 K using an
NPT (constant Number of particles, constant Pressure, constant Tem-
perature) isothermal-isobaric ensemble.

A 1 μs long free simulation was conducted to relax the STAG2-
RAD21-DNA Martini model and assess model stability. The co-
ordinates sampled at 700 ns and 800 ns were used as initial structures for
the biased simulations (Fig. 2C).

To study the interaction of the STAG2-RAD21 complex with the
DNA, starting from the 800 ns frame of the unbiased trajectory, pro-
spective 2 μs long biased simulations were conducted, applying a

Fig. 1. STAG2-RAD21-DNA model. A) 3D structure of the stabilized model constructed for the human STAG2-RAD21 (orange and purple respectively) complex
bound to 120 bp of CG DNA (blue). Protein-DNA salt bridges are indicated by green spheres. Semi-transparent volumes indicate the regions used to compute RMSD
values. B) Components of a linear ratchet mechanism and their translation to the STAG2-RAD21-DNA model. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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constant force to the central region of the protein in contact with the
DNA, utilizing the bias module of the PLUMED library. The pulling
target was set 43 Å away in each direction along the DNA strand and
both ends of the strand were positionally restrained. Increasing force
constant (SLOPE) values (5, 6.25, 7.5 and 8.75 kcal mol− 1 Å− 1) were
tested, each with an RMSD target of 2 Å against the reference structure,
until observable movement was detected. Once movement was noticed
at 8.75 kcal mol− 1 Å− 1, both trajectories (one to the left and one to the
right) were extended for 1 μs, reaching a total length of 3 μs each. As
duplicate, a second pair of biased trajectories with identical force con-
stant (8.75 kcal mol− 1 Å− 1) and total length (3 μs) was computed
starting from the 700 ns frame of the unbiased trajectory. Results were
visualized using VMD [51] and plots were obtained with Pandas 2.1.1
and Matplotlib 3.8.5 under Python 3.11.5.

To evaluate the conformational effect of RAD21 binding on STAG2
flexibility, STAG2 and STAG2-RAD21 coarse-grained Martini models
were constructed and simulated without any biasing potential as pre-
viously described, for a total of 1.0 μs.

3. Results

3.1. Generation of a stable STAG2-RAD21-DNA model

Based on the existing structural information of static protein-protein
and protein-DNA interactions [39,43], a ratchet mechanism was hy-
pothesized through which STAG2 might influence the direction of DNA
movement. This mechanism would require STAG2, RAD21 and a DNA
double strand (Fig. 1A). Under these conditions, it was proposed that
STAG2 exhibits two regions that act as the guide and pawl elements of
the mechanism, while the DNAmoiety would play the role of the ratchet
(Fig. 1B). To evaluate this hypothesis, a model of the STAG2-RAD21
complex bound to 120 bp of Cytosine-Guanine DNA was built (Fig. 1A).

To allow for structural relaxation and to assess stability, the STAG2-
RAD21-DNA model was subjected to 2 μs of MD (Fig. 2A) and the
structure sampled at 500 ns was used as template to create a Martini
coarse-grained model (Fig. 2B). This coarse-grained model was simu-
lated without biasing potentials for 1 μs, sampling RMSD values
consistent with the atomistic model (Fig. 2C).

3.2. STAG2-RAD21 facilitates unidirectional DNA streaming

Once a stable coarse-grained STAG2-RAD21-DNA model was ob-
tained, the frames of the unbiased simulation at 700 ns and 800 ns
(Fig. 2C) were extracted to compute duplicates of the biased simulations.
In all biased trajectories, while keeping the ends of the DNA molecule
fixed, a constant force was applied to the central region of the protein to
induce the relative displacement of the STAG2-RAD21 complex along
the DNA double strand in each direction (Fig. 3).

In a preliminary phase, starting from the 800 ns unbiased structure, a
series of prospective constant force simulations, each with a duration of
2 μs, was performed with increasing force constant values for each di-
rection. The initial force constant was 5 kcal mol− 1 Å− 1 and was linearly
increased in steps of 1.25 kcal mol− 1 Å− 1 for each new simulation until
noticeable displacement could be observed in either direction. Force
constant values of 5, 6.25, or 7.5 kcal mol− 1 Å− 1 failed to induce

(caption on next column)

Fig. 2. From atomistic to coarse-grained simulations. A) Root Mean Square
Deviation (RMSD) of the alpha‑carbon trace of the protein and the phosphorus
atoms of the DNA region adjacent to the protein moiety calculated for a 2 μs
simulation of the atomistic model. B) Figure illustrating the process of bead
mapping, transforming groups of atoms into individual Martini beads. C) Root
Mean Square Deviation (RMSD) of the beads mapping to the alpha‑carbon trace
of the protein and the phosphorus atoms of the DNA region adjacent to the
protein moiety, calculated for a 1 μs simulation of the Martini model. The
structures utilized for biased simulations are taken from the 700 ns and 800 ns
frames (arrows).

D. Ros-Pardo et al.



International Journal of Biological Macromolecules 276 (2024) 133822

5

significant displacement during the 2 μs simulations. Nevertheless, the
8.75 kcal mol− 1 Å− 1 force constant could noticeably displace the STAG2-
RAD21 complex and, thus, was established as the constant to be used in
subsequent displacement experiments.

For the production phase, the prospective biased simulations with
8.75 kcal mol− 1 Å− 1 force constant were then extended for an additional
1 μs to ensure the completion of the displacement motion, reaching a
total simulation time of 3 μs. Finally, a duplicate for each pulling di-
rection, starting from the 700 ns unbiased trajectory frame, was ob-
tained using an identical force constant (8.75 kcal mol− 1 Å− 1) and total
simulation time (3 μs). In total, the production phase yielded four biased
trajectories, two pulling to the left and two pulling to the right, starting
from two different initial structures.

When the biasing potential was applied to the left, the protein
complex moved along the DNA molecule. Fig. 3B shows how the guide
region slipped from an initial position in contact with the minor groove
of the DNA helix (purple circle in Fig. 3) to the next minor groove, while
the pawl region moved equivalently from its initial position in contact
with the major groove of the DNA molecule (purple square in Fig. 3) to
the next major groove. At the beginning of the movement, a slight
opening of the V-shaped structure formed by the STAG2-RAD21 guide
and pawl regions was produced by the extension of the pawl region,
facilitating its sliding, as would be expected in a linear ratchet mecha-
nism. The final position of the STAG2-RAD21 dimer is equivalent to the
initial position, but shifted one full turn to the left, with the protein
ready for a new cycle of displacement.

When the biasing potential was applied to the left, the protein
complex moved along the DNA molecule. Fig. 3B shows how the guide
region slipped from an initial position in contact with the minor groove
of the DNA helix (purple circle in Fig. 3) to the next minor groove, while

the pawl region moved equivalently from its initial position in contact
with the major groove of the DNA molecule (purple square in Fig. 3) to
the next major groove. At the beginning of the movement, a slight
opening of the V-shaped structure formed by the STAG2-RAD21 guide
and pawl regions was produced by the extension of the pawl region,
facilitating its sliding, as would be expected in a linear ratchet mecha-
nism. The final position of the STAG2-RAD21 dimer is equivalent to the
initial position, but shifted one full turn to the left, with the protein
ready for a new cycle of displacement. In contrast, when force was
exerted to the right, the situation was the opposite (Fig. 3C). In this case,
the biasing potential was able to partially displace the guide region from
the minor groove of the DNA helix (purple circle in Fig. 3) to an inter-
mediate position between the adjacent major and minor grooves. The
pawl region, however, remained engaged to the same major groove
(purple square in Fig. 3) and was unable to move to the next major
groove. As a result, rightward displacement did not occur, and the
protein remained stuck in a closed, clamp-like conformation. This situ-
ation reveals a clear description of how STAG2-RAD21-DNA constitutes
a ratchet mechanism, allowing displacement of the DNA strand only in
one direction, blocking the reverse sliding motion. Complete trajectories
of the biased simulations in both directions are shown in Supplementary
Movie 1 (leftward full-turn displacement) and Supplementary Movie 2
(rightward locked displacement).

Fig. 4 (and Supplementary Table 1) presents a quantification of the
movement of the guide and pawl regions relative to their initial position
on the DNA strand for both duplicates of each pulling direction. Fig. 4B
shows how the guide region is able to move in both directions (left,
green-shaded lines; right, red-shaded lines) and in both duplicates,
similarly increasing the distance between the protein and its initial po-
sition at the DNAminor groove. On the contrary, and as discussed above,

Fig. 3. Pulling setup. General overview of the pulling setup in which, from the same initial simulation frame (A), STAG2-RAD21 is pulled to the left (green) and to
the right (red). The initial DNA regions interacting with the protein complex are indicated by a purple circle (minor groove) and a purple square (major groove). The
final frames of the first pair of constant-force (8.75 kcal mol− 1 Å− 1) pulling trajectories to the left (B) and to the right (C) are shown, indicating the initial protein-
DNA interaction regions with the same colored shapes used in panel A. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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the displacement metrics of the pawl in Fig. 4C show that only move-
ment to the left (green-shaded lines) is allowed, while, when the protein
is moved to the right (red-shaded lines), its position barely changes,
remaining stuck and consequently blocking the displacement of STAG2-
RAD21 in that direction. Therefore, the combination of STAG2-RAD21
sliding guide region with a pawl region capable of selectively
engaging the DNA “ratchet” grooves depending on the direction of
motion, enables a linear ratchet mechanism that allows DNA displace-
ment in a single direction.

3.3. Role of RAD21 in the stabilization of STAG2 closed conformation

In the dynamic model of the STAG2-RAD21 dimer functioning as the
protein moiety of the ratchet mechanism shown above, the interactions
between DNA and the protein dimer occurred mostly on the surface of
the STAG2 protein. Because of this, and reinforced by the fact that the
available structures, both for human STAG2 (PDB entry: 4PJW) and its
close S. cerevisiae homolog SCC3 (PDB entry: 6H8Q), have only been
solved interacting with fragments of their respective kleisin subunits
(RAD21 and SCC1 respectively), the function of RAD21 in the complex
remained to be determined. To study the nature of interaction between
the two proteins, a coarse-grained model of the STAG2-RAD21 dimer
and a model of STAG2 alone were generated, in the latter case removing
the structure corresponding to RAD21. Both models are shown in Fig. 5
(panels 5 A and 5C, respectively).

The two structures were then subjected to a 1 μs long simulation
using the Martini force field. In the presence of RAD21 (Fig. 5A), the
structure of STAG2 remained virtually unchanged along the simulation

(Fig. 5B), maintaining a shape similar to that observed during the DNA
displacement experiments shown above. In contrast, when the simula-
tion was performed in the absence of RAD21 (Fig. 5C), the V-shape of the
STAG2 structure underwent a remarkable change in the first 200 ns of
the simulation and remained in an open conformation until the end of
the trajectory (Fig. 5D). This open shape reached by STAG2 in the
absence of RAD21 maintained the distance between the guide and pawl
regions at very high values, incompatible with the geometry that allows
its functional interaction with DNA, and very different from that shown
by crystallographic structures [39,43]. For further validation, all-atom
simulations of the equivalent models were produced, exhibiting a
similar behavior to that observed under coarse-grained conditions
(Supplementary Fig. 2).

4. Discussion

In exploring the intricate molecular processes involved in the for-
mation of DNA loops by SMC complexes, several mechanistic models
have been proposed over the years, offering diverse perspectives on the
complex interplay between SMC complexes and DNA.

In the inchworm model [33], DNA binds to both the hinge and the
globular heads through the HAWK subunits, being propelled into the
loop through an opening and closing movement of the heads. In the
pumping model [32], a large loop is ensnared within the globular heads,
with a smaller loop formed between the heads and the hinge. This
smaller loop undergoes pumping as the coiled coils shift to a closed rod
structure. The scrunching model [35] initially resembles the pumping
model, but DNA is pumped by the hinge, displaced by bending the coiled

Fig. 4. Distance metrics for the interaction of the guide and pawl regions of STAG2 with the DNA double strand. A) Selected reference beads for distance mea-
surements descriptive of the initial interactions between the guide and pawl regions of STAG2 and DNA. Orange spheres indicate STAG2 beads and blue spheres DNA
ones. B) Evolution of the distance between the STAG2 and DNA beads indicated for the guide region (panel A) for the left-pulling replicas (green) and the right-
pulling replicas (red). C) Evolution of the distance between the STAG2 and DNA beads indicated in the pawl region (panel A) for the left-pulling replicas (green)
and the right-pulling replicas (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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coils. Lastly, in the brownian ratchet model [29], DNA is initially
anchored by the globular heads with NIPBL and the hinge with STAG2,
forming a complex with bent coiled coils. The opposite side of the loop
traverses the closed angle formed by the bent coiled coils. DNA is drawn
into the loop as the globular heads separate, and STAG2 with the hinge
pulls the DNA in, utilizing the tension accumulated on the coiled coils.

Once the DNA molecule has moved a distance in the direction
appropriate for loop formation, all of the models discussed above rely on
a molecular locking mechanism that prevents the DNA from sliding in
the opposite direction, thereby reversing the movement and stopping
the extrusion process [30]. However, to date, no molecule has been
identified that is directly responsible for this mechanism. In the present
work, based on dynamic simulations, the STAG1/2-RAD21 complex is
proposed to exert a unidirectional restriction on DNA sliding.

STAG1/2 constitute an essential component for cohesin function
[63–65], known to mediate DNA anchoring in the cohesin complex
[66,67]. The 3D structure of STAG2 in complex with RAD21 has been
solved by X-ray crystallography at high resolutions [39,66], enabling the
generation of high-quality models. According to the simulation results,
in which the STAG2-RAD21 complex is constrained to move in only one
direction (Fig. 3), it was proposed that STAG2 serves a dual role. Beyond
its established function as an anchor for cohesin complex DNA binding,
it would also act as a safety mechanism, effectively preventing DNA
from reversing its trajectory during the molecular motions of the cohesin
complex associated with loop extrusion. This proposed ratchet mecha-
nism would solely be the product of the structural constraints imposed
by STAG2-RAD21 geometry when interacting with the DNA strand.
Furthermore, the close homology relationship between STAG1/2/3
proteins suggests that this ratchet function might be a common feature

among them. Nevertheless, extending these results to STAG1/3 remains
a task for future research.

In addition, the trajectories used to explore the directionality selec-
tion of DNA displacement by STAG2 revealed an instrumental role of
STAG2 flexibility, and its association to RAD21, in maintaining the
functional shape of the STAG2-RAD21 complex.

The RAD21 moiety bound to STAG2 in the available structural data,
is located at a V-shaped region of STAG2 (Fig. 1A) that is opened when
DNA sliding is allowed and closed when it is blocked. These results
suggest that the presence of RAD21 modifies the rest position of STAG2
V-shaped region, being similar to the crystallographic DNA-bound
conformation when RAD21 is present (Fig. 5B), and much more open
when it is not (Fig. 5D).

The main limitations of this study are that the proposed ratchet
model and STAG2/RAD21 interactions are based on computational
molecular dynamics simulations and homology models. In the future,
experimental validation, such as single molecule studies, electron mi-
croscopy or chromosome conformation capture techniques, will be
needed to assess the validity of the proposed theories and to test their
implications in genome expression regulation and chromatin 3D struc-
ture management, as well as their potential repercussions in the
rationalization of disease-causing variants. In addition, future compu-
tational work involving more proteins of the complex in the simulation
system, as well as the study of homologous systems and their functional
similarities and differences, will allow to broaden the knowledge of this
area of study.

In conclusion, these results support that STAG2 could exert a mo-
lecular ratchet role in loop extrusion, a general requirement for most of
the proposed extrusion mechanism models that remain unresolved to

Fig. 5. RAD21 modulates STAG2 flexibility. Results of the coarse-grained simulations of STAG2 without DNA, to assess the effect of RAD21 (purple and red) binding
on STAG2 (ochre and yellow) structure. In the upper section, the initial (A) and final (B) frames of the simulation of STAG2 in presence of RAD21 are shown. The
lower section illustrates the first (C) and last (D) frames of the simulation in absence of RAD21. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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date. This ratchet mechanism would allow DNA loop extension in one
direction, while preventing loop collapse in the opposite one. The
STAG2-RAD21 complex could therefore be the system that drives the
unidirectionality of DNA displacement in loop extrusion.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2024.133822.
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N. Forouzesh, T.J. Giese, A.W. Götz, H. Gohlke, S. Izadi, K. Kasavajhala, M.
C. Kaymak, E. King, T. Kurtzman, T.-S. Lee, P. Li, J. Liu, T. Luchko, R. Luo,
M. Manathunga, M.R. Machado, H.M. Nguyen, K.A. O’Hearn, A.V. Onufriev,
F. Pan, S. Pantano, R. Qi, A. Rahnamoun, A. Risheh, S. Schott-Verdugo, A. Shajan,
J. Swails, J. Wang, H. Wei, X. Wu, Y. Wu, S. Zhang, S. Zhao, Q. Zhu, T.E. Cheatham,
D.R. Roe, A. Roitberg, C. Simmerling, D.M. York, M.C. Nagan, K.M. Merz,
AmberTools, J. Chem. Inf. Model. 63 (2023) 6183–6191, https://doi.org/10.1021/
acs.jcim.3c01153.

[45] J.A. Maier, C. Martinez, K. Kasavajhala, L. Wickstrom, K.E. Hauser, C. Simmerling,
ff14SB: improving the accuracy of protein side chain and backbone parameters
from ff99SB, J. Chem. Theory Comput. 11 (2015) 3696–3713, https://doi.org/
10.1021/acs.jctc.5b00255.

[46] R. Galindo-Murillo, J.C. Robertson, M. Zgarbová, J. Šponer, M. Otyepka,
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1 Supplementary Figures

Supplementary Figure 1: Simulation process diagram. A) Model construction: De-
piction of the steps followed to construct the models used based on: the PDB entries
4PJW and 6H8Q, a 120 bp CG DNA model created by x3DNA, and the 0.5 µs frame
obtained from the all-atom STAG2-RAD21-DNA simulation. B) Molecular simulations:
Visual representation of the simulations performed. The gray arrow blocks indicate 1
µs of MD simulations and are concatenated to illustrate longer simulations (2 µs or 3
µs). On the left, the free MD simulations of the STAG2 and the STAG2-RAD21 com-
plex models are indicated. The purpose of these simulations was to detect differences
in the flexibility of STAG2 in presence and absence of RAD21. On the right, the con-
struction of the STAG2-RAD21-DNA coarse-grained model based on the 0.5 µs frame of
the MD simulation of the all-atom STAG2-RAD21-DNA model is shown. Additionally,
the relaxation of the coarse-grained model, the extraction of the frames at 0.7 µs and
0.8 µs, and the use of these frames to produce left- and right-pulling trajectories are
depicted. These pulling trajectories were employed to evaluate whether the displacement
of STAG2-RAD21 along the DNA strand is favored in one particular direction.
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Supplementary Figure 2: Results of the all-atom 1 µs simulations of STAG2 without
DNA, to assess the effect of RAD21 (purple) binding on STAG2 (ochre) structure. In
the upper section, the initial (A) and final (B) frames of the simulation of STAG2 in
presence of RAD21 are shown. The lower section illustrates the first (C) and last (D)
frames of the simulation in absence of RAD21.
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2 Supplementary Tables

Replica Lefward displacement Rightward-displacement
Pawl replica 1 1.45 +/- 0.08 nm 0.24 +/- 0.05 nm
Pawl replica 2 1.74 +/- 0.06 nm 0.44 +/- 0.04 nm
Pawl average 1.60 +/- 0.07 nm 0.34 +/- 0.05 nm
Guide replica 1 2.61 +/- 0.04 nm 2.51 +/- 0.09 nm
Guide replica 2 2.38 +/- 0.38 nm 1.95 +/- 0.18 nm
Guide average 2.50 +/- 0.38 nm 2.23 +/- 0.20 nm

Table 1: Mean displacement +/- standard deviation of the STAG2 protein (pawl and
guide domains) measured in the last 10 ns of the 3 µs of the simulated leftward or
rightward movement.
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3 Supplementary Movies

[STAG2 MOVIE 1 LEFTWARD.mp4]

Supplementary Movie 1: Leftward full-turn displacement. Full 3 µs trajectory of the
coarse-grained STAG2-RAD21-DNA biased simulation with a 8.75 kcal mol−1 Å−1 force
constant, with the target set to the left, starting from the 800 ns frame of the unbiased
simulation.

[STAG2 MOVIE 2 RIGHTWARD.mp4]

Supplementary Movie 2: Rightward locked displacement. Full 3 µs trajectory of the
coarse-grained STAG2-RAD21-DNA biased simulation with a 8.75 kcal mol−1 Å−1 force
constant, with the target set to the right, starting from the 800 ns frame of the unbiased
simulation.
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