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DNA loop extrusion is arguably one of the most important players in genome orga-
nization. The precise mechanism by which loop extruding factors (LEFs) work is still
unresolved and much debated. One of the major open questions in this field is how
do LEFs establish and maintain unidirectional motion along DNA. In this paper, we
use High-Speed AFM data to show that condensin hinge domain displays a structural,
geometric constraint on the angle within which it can extend with respect to the DN A-
bound domains. Using computer simulations, we then show that such a geometrical
constraint results in a local symmetry breaking and is enough to rectify the extrusion
process, yielding unidirectional loop extrusion along DNA. Our work highlights an
overlooked geometric aspect of the loop extrusion process that may have a universal

impact on SMC function across organisms.

DNA loop extrusion by structural maintenance of chro-
mosome (SMC) complexes has emerged as a universal or-
ganizing principle for chromosomes [IH7]. For instance, it
is now well established that in eukaryotes, cohesin com-
plexes are involved in shaping “topologically associating
domains” (TADs) during interphase [8] [9], while con-
densin complexes direct the establishment of the cylin-
drical structure of mitotic chromosomes [10].

SMC complexes have a ring-like structure, composed
by a SMC dimer and an intrinsically disordered kleisin
subunit. The SMC dimer is formed through the so-called
“hinge” while the kleisin subunit is bound to the ATPase
domain of each SMC (Fig. [Th). In the case of yeast con-
densin, there are putative additional DNA binding sites
in the hinge, dimerized heads, Ycgl/Brnl and Yes4/Brnl
for DNA anchoring [I1]. Despite the wealth of structural
data, there is still contrasting evidence regarding the pre-
cise topology and mechanics of loop extrusion process.

Among the most debated features of loop extrusion
are the motoring action of the hinge and the origin of
the unidirectional motion [I2HI5]. Recent structural
studies have suggested that SMC uses conformational
changes between a hinge-released state — where the hinge
is extended away from the heads — and a hinge-engaged
state — where the hinge is in proximity of the heads,
in order to drive the motion in a “scrunching”, and
ATP-dependent, fashion [7, 16, 17] (Fig. , b). The
scrunching model predicts that following dimerisation of
the SMC heads (due to ATP-binding), the coiled-coil
arms fold to bring the hinge closer to the heads. Fol-
lowing ATP-hydrolysis, the heads are released and the
hinge extends again [14, [T6], 18]. During this step, the
positively charged extended hinge may search for a 3D

proximal (but not necessarily 1D contiguous) DNA seg-
ment to grab and to subsequently bring close to the
heads in the following ATP-binding step [14] [T9]. Whilst
this model can elegantly explain the bypassing of other
SMCs [20, 21] and large roadblocks [22, 23], it cannot
explain unidirectionality. Indeed, during the search step,
there is no guarantee that the hinge will grab onto a DNA
segment ahead of the one that was reeled in the extruded
loop in the previous ATP cycle. Thus, even within the
scrunching model explaining the unidirectional motion
of LEFs remains an outstanding problem in the field of
SMC-driven DNA organisation.

To gain a better understanding of the origin of the uni-
directional motion, we use High-Speed AFM (HS AFM)
on yeast condensin [16]. We observed that the hinge do-
main typically extends in an orthogonal direction from
the DNA-bound globular head domains, and we then hy-
pothesised that this local (angular) symmetry breaking
due to the structure of condensin could generate a geo-
metric bias in the grabbing of new DNA segments. Thus,
we computationally implemented a loop extrusion pro-
cess with such geometric constrain, by modelling a 3D
search constrained to lie within a solid angle, and we dis-
covered that it spontaneously displayed rectified, unidi-
rectional extrusion. Our findings suggest that a geomet-
ric symmetry-breaking mechanism, without the need to
impose explicit topological constraints between the SMC
complex and extruded DNA segment, could underlie the
emergence of rectified, unidirectional loop extrusion by
SMC proteins.

AFM reveals a preferred angle for hinge extension. —
We started from the hypothesis that the structure of
SMC itself may present some geometric restrictions on
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FIG. 1. Limited solid angle of hinge movement from
the position of the SMC heads. a-b. Angle distribu-
tions of hinge-releasing a. and hinge-engaging movements
b. respect to the line connecting two heads at the middle
of two heads observed by HS AFM (N = 727 and 698, re-
spectively). ¢. Distributions of the angle between hinge and
the central position of the globular domain with respect to
tangential DNA line at the central positions of the globular
domain analysed by dry-AFM images (N = 79). d. Sketch of
the truncated cone hinge-reachable region determined by the
AFM data.

its allowed conformations. Specifically, we argued that
the hinge, connected to dynamic coiled-coil arms [I8],
largely determines the search of the DNA segment to be
captured and reeled in the extruded loop. For this rea-
son, we wanted to measure the possible geometric con-
formations assumed by a LEF, in order to quantify any
restriction on the motion of the hinge. To do this, we
performed and analysed High-Speed AFM (HS AFM)
images of yeast condensin complex to obtain the typical
position of the hinge with respect to the globular head
domains [16] (Fig.[T). From the HS AFM movies we could
identify two distinct globular domains: the hinge and the
heads, linked together by semi-flexible arms (Fig. )
Furthermore, we were able to distinguish hinge-released
and hinge-engaged states by measuring the distance of
the hinge from the heads (see Fig. —b and SI Fig. S4).
Based on these, we measured the angles of hinge-releasing
and hinge-engaging states, with respect to the line con-
necting two heads and from the middle point of two heads
(Fig. —b). In addition, to compare these angles with the
anchoring angle of condensin with respect to the DNA,
we analyzed dry-AFM images and measured the angle

of hinge extension with respect to the DNA-bound head
domains (Fig. [Ic).

We discovered that the hinge is most often extended
orthogonally to the line joining the SMC heads (Fig. —
b). Even in absence of DNA, we measured that the angle
distribution at which the hinge is extended and retracted
is normally distributed for both hinge releasing (83+26°)
and engaging (86 £ 30°) steps. In addition, dry-AFM
images of condensins that bound to DNA through head
domains also showed vertical angle of the hinge-head line
respect to DNA tangential direction (88 +23°) (Fig. [Ik).

It is important to notice that our measurements are
done on condensin complex absorbed on mica, i.e., in 2D.
Thus, we argue that the angle distribution of the hinge
extension would define a solid angle when the complex is
allowed to move in 3D. Indeed, our results suggest that
the hinge releases and engages orthogonally to both heads
and DNA, forming a solid angle Q) defined by the width
of the Gaussian distribution, v ~ 60° (see Fig. [I{d).

Based on the AFM results, we defined a hinge-
reachable region for the scrunching model as a truncated
cone with the estimated solid angle Q (Fig. [Id). The
maximum hinge extension is determined from the dis-
tribution of hinge-head distances in the hinge-released
state (~ 40 nm) while the minimum hinge extension is
obtained as the hinge-head distance in the hinge-engaged
state [16] (~ 10 nm, see SI Fig. S4).

A LEF model with geometrically biased 3D search. -

In light of our HS AFM measurements, we propose a
new geometrically-constrained scrunching model as fol-
lows: first, Ycgl/Brnl anchors DNA with a “safety belt”
mechanism [24] then the heads/Ycs4 connect the anchors
to other part of DNA to extrude a loop (Fig. [2h). The
motor action of the hinge is limited by the angle distri-
bution we found in Fig. [1] and can grab DNA segments
through the hinge, by extending the SMC arms at a fixed
angle @ ~ 90° and with a certain width v ~ 60° from the
orientation of the bound DNA. After that the hinge grabs
onto a new DNA segment, the ATP-binding-induced con-
formational change brings the grabbed DNA close to the
heads/Ycs4 subunits. Finally, after ATP-hydrolysis, the
heads/Ycs4 bind to the new DNA segment — thereby ex-
tending the extruded loop — and the hinge is then free to
target a new DNA segment for the next round of DNA-
loop extrusion (Fig. 2h).

To simulate this model, we implemented a coarse-
grained loop extrusion process with a geometric con-
straint on the region that can be reached by the hinge.
Specifically, we account for the connectivity of the an-
chor (Ycgl) to the heads (Smc2 and Smc4) via the kleisin
subunit as beads connected by a harmonic bond; addi-
tionally, we impose that the search of the segment to
reel in the extruded loop is to be performed within a
solid angle around an axis orthogonal to the tangent of
the SMC-bound DNA (Fig. 2b). When a segment of
the coarse-grained polymer falls within a truncated cone
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A model for loop extrusion with geometric constraints on hinge extension. a. Schematics of a loop

extrusion model where the hinge (red) is restricted to search for a DNA segment within a truncated cone. The segment is
then bound to the SMC heads and reeled in the extruded loop, while the hinge returns to the search position. Throughout
this process, one DNA segment is trapped at the anchor bound to the kleisin (purple). b Implementation of the model on a
coarse-grained bead-spring polymer, where the heads and anchor are denoted with red and purple beads, respectively. The
hinge is not explicitly modelled with a bead, but is accounted for by the geometrically restricted search region (yellow shaded
area). The simulated loop extrusion displays both (c) forward and (d) backward steps.

formed by the solid angle 2 and within a certain Eu-
clidean distance (10 and 40 nm) the position of the har-
monic bond between anchor and heads is updated to grab
onto the anchor and such new segment (see Fig. ) In
turn, the harmonic spring connecting anchor and heads is
temporarily extended and brings the new segment close
to the anchor. Finally, the new segment is identified with
the new position of the heads, the anchor remains at its
original position, and the hinge is then returned free to
search for a new segment to grab onto (again within the
solid angle §2). This process defines a full ATP-cycle and
involves a 3D search of proximal DNA segments with
a geometric constraint but no strict topological require-
ments.

The important difference of our work from previous
models of loop extrusion [2H4l [T4] [T9, 25] 26] is that we
do not impose the directionality of the extrusion a priori.
The hinge can grab any segment ahead, or behind, the
current 1D position of the heads. In fact, in our simu-
lations we can observe backward extrusion steps, where
the newly grabbed segment is inside the extruded loop,
as shown in Fig. 2k, d. This move yields a reduction
in the total length of the extruded loop and is also ob-
served in experiments [27]. In addition, our model ac-
counts for an additional spring to mimic the presence
of the disordered kleisins attaching the anchor Ycgl to
the SMC heads (SI). This additional spring constrains

the relative rotation of the DNA segments bound to the
heads and the anchor. This rotational constraints can-
not otherwise be imposed if two beads are connected by
a single spring [28]. The rotational constraint within
the DNA-bound SMC complex is evident from structural
cryo-EM data [II], where the bound DNA segments sit
tightly within DNA-binding pockets near the heads, and
that their juxtaposition within the SMC structure as-
sume a well-defined angle [I1]; this implies that SMC-
bound DNA segments are likely to be restricted in their
relative rotation.

Using this model, we performed a simulated loop ex-
trusion on a bead-spring polymer with N = 400 beads
of size 0 = 10 nm. We then tracked the position of the
anchor and heads, and defined an oriented extruded loop
length as | = n, —ny, where n, and ny are the positions
of the anchor and the heads; we discovered that, strik-
ingly, the LEFs display growing loops with a clear sign of
unidirectional motion. Since we do not hard-code direc-
tionality within the model, the LEF's in different replicas
will start extruding in different directions. The interest-
ing finding is that they display a tendency to maintain a
rectified, unidirectional motion, once that the “left-right”
symmetry has been broken (Fig. [3h).

To understand how this spontaneous rectification is
due to the broken symmetry in the search step, we per-
formed simulations with wider search angles up to restor-
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FIG. 3. Unidirectional motion emerges from symmetry breaking. a. Individual traces of simulated extruded loops as
a function of time and with different hinge-search angles. b. Root mean squared extruded length as a function of time and for
different hinge-search angles. The case where the search is allowed to occur on the full sphere v = 360° yields a random walk

scaling as t/2

. c¢. Probability of step size as a function of the search angle. The narrower the angle, the more rectified the

extrusion, i.e. the larger the forward/reverse ratio. d. Plot of the success probability and average step sizes as a function of
the hinge search angle. These two quantities display a trade-off which yield an optimum of the extrusion velocity at v = 180°

search angles, as shown in e.

ing the full spherically symmetric search v = 360°. In the
symmetric case, we do not observe unidirectional motion,
instead we find that extruded loops shrink back, with a
behaviour similar to a random walk (see Fig. Bh). To
further characterise this process we took the root mean
squared extruded length (1) = ([ng — np)?)*/2 and indeed
found that the spherically symmetric case displayed a
scaling (I) ~ /2 in line with a simple random walk (see
Fig. ) Interestingly, we also noted that the cases with
60° < v < 360° displayed faster linear growth than the
case with v = 60°. Despite this, the distribution of step
sizes clearly indicate that the case v = 60° is the one that
benefits from the greater rectification, i.e. the ratio for-
ward/reverse steps is the largest. In other words, wider
angles increase the probability of shorter and backward
steps (Fig.[3k). In turn, this implies that the average step
size — defined as s = 3;[sign(i)S;]/N, where S; is the i-
th step size — is typically smaller for wider angles. The
largest probability of large steps ~ 50 nm, which is in line
with experiments [27], was seen for v = 60°. Thus, to un-
derstand why wider search angles yield faster extrusion
in our simulations, we compute the success probability of
making a step. Indeed, in our algorithm we impose that
the LEF does not make a step if, in a given simulation
time, there are no DNA beads that satisfy the search cri-

terion. This readily implies that narrower search angles
yield lower success rates (Fig. ) The opposite trends
of success rate (increasing with ) and average step size
(decreasing with ) yield a trade-off (Fig. [3{l) that nat-
urally leads to an optimum in velocity around v ~ 180°.
However, we argue that condensin may employ a narrow
angle to optimize the search process within a crowded
DNA environment, within which the success probability
would be generally larger.

Conclusions. — Motivated by AFM data, in this Let-
ter we have provided experimental evidence that the
structure of yeast condensin favours certain geometric
conformations where the hinge is extended perpendicu-
larly to the local direction of the heads-bound DNA seg-
ment. We have also quantified the width of the search
angle, v = 60° and computationally demonstrated that
by imposing this geometric constraint, loop extrusion can
be spontaneously rectified. Interestingly, we find that the
narrower the search angle, the larger the typical the step
size and the more unidirectional the extrusion, but also
the more likely to fail to find a DNA segment to grab in
a given time. This trade-off yields an optimum extrusion
speed at a predicted angle of v = 180°.

We argue that the emergence of spontaneously recti-
fied, unidirectional extrusion is due to a combination of



local deformations of the underlying DNA and the geo-
metric constraint on the hinge-mediated 3D search. Our
findings ought to be relevant to other SMC protein com-
plexes, as long as their structure impose a geometric con-
straint on the conformational space of the DNA:protein
complex. Additionally, they can reconcile a range of re-
cent findings, e.g. bypassing of roadblocks, Z-loops, and
also the pinching of a negatively supercoiled loop during
the hinge-grabbing step [29], whilst also explaining the
unidirectional extrusion. Our hypothesis could be tested
by mutating the SMC coiled-coil arms to be more flexi-
ble or rigid, thereby directly increasing or reducing the
search angle . Overall, we argue that our findings con-
tribute to highlight a largely overlooked aspect of loop
extrusion that ought to be relevant for the function of
generic SMC complexes.
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