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I. SIMULATIONS

The purpose of the simulations is to show that the extracted parameter values by fitting
the theoretical extrusion rate or equivalently the velocity of loop extrusion (LE) to exper-
iments are reasonable. In particular, we use simulations to argue that the value of AR ~
26 nm (see the main text for details) is consistent with the known condensin architecture.
To this end, we imagine that during the ATPase cycle the SMC motor undergoes a confor-
mational change from a "open” (top structure in Fig. to a "closed” (bottom structure)
state, which brings the motor domains close to the hinge region. This process is allosterically
driven, in a manner similar to other cargo-carrying motors (myosins, kinesins and dynein),
by binding and hydrolysis of ATP. We envision that in the SMC the allosteric transitions

are effectuated through the movement of the flexible elbow region.

A. Model for Condensin

We modeled the two heads of condensin as spheres that are connected by finitely-
extensible nonlinear elastic (FENE) potential [1] to the coiled coils (CCs) that connect
the motor domains to the hinge (FigSI). The CC in the SMCs are reminiscent of the lever
arm in Myosin V. The angle 6; and 0, are formed at the junctions connecting the motor
heads to the first bead on the CCs (Fig. As in molecular motors, a change in the confor-
mation change initiated in the head domain is somewhat amplified over condensin through

the CCs. We envision this process as the principle mechanism by which a spool (roughly

AR _

531 = 76 base pairs (bps) in a single step) of dsDNA could be extruded.

We used 19 and 18 beads for upper CC and lower CC, respectively. The diameter of
each bead is 1 nm diameter each. We used 3 beads (diameter 0.4 nm each) in the middle
of the CCs for the elbow region. The angle potential in the elbow region, marking the
break in an otherwise stiff CC, is sufficiently weak to facilitate the allosteric propagation
of conformational changes in the motor head. For the hinge and two motor heads we used
4 nm diameter beads.

All lengths are measured in units of ¢ = 1 nm corresponding to the diameter of the
beads in the CC. We express energy in the unit of kg7, where kg is the Boltzmann constant

and T is the temperature. The mass of all the particles were set to m = 1. We performed



FIG. S1. Caricature of the condensin motor, an example of the Structural Maintenance of
Chromosomes (SMC), used in the simulations. The two heads are shown as red spheres. A
magnified image of the angle between the motor heads at the junctions to the two arms of the
SMC are shown in the lower box. The angle at the elbow is depicted in the upper box. The
coiled coils (CCs) connecting the motor to the hinge (purple sphere) are treated as a semi-flexible
polymers that are kinked at the flexible elbow region. We envision that the allosteric transition
between the open and the closed states (shown as by the green arrow) is driven by ATP binding
and hydrolysis to the motor domains.



low-friction Langevin dynamics simulations using OpenMM [2] software using a time-step
of Aty = 0.017y, where 7, = 0.4y/mo?/kgT. The value of the friction coefficient is 0.01 /7.

The friction coefficient was chosen to be as low as possible for a stable simulation.

B. Energy function

Because the goal is to merely illustrate that the hypothesized allosteric mechanism for
SMC-mediated LE is plausible, we chose a simple energy function to monitor the conforma-

tional changes in condensin. The explicit form of the energy function is,
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The first term in Eq. enforces the connectivity of the beads and is given by,
1 (Pt = 10i1)?
Urene(Tiiv1) = _EkFR% log [1 - 7 A ], (S2)
F

where kp is the stiffness of the potential, R is the upper bound for the displacement,

and ., is the equilibrium distance between the beads, ¢ and ¢ + 1. The second term

in Eq. accounting for excluded volume interactions, is given by, Un(r;;) = en (sz)12,
where €y and o are the strength and range of the interaction, respectively. We used additive
interactions, which means that o is the sum of the radii of the two interacting beads. The
third and the fourth terms in Eq[ST] are the two angle potentials that control the bending
stiffness of the CCs. The potential U,y (i) is taken to be,

Uang(¢i) = e(1 + cos @), (S3)

where €, the energy scale for bending, is related to the persistence length of the semi-flexible
CC (see Section[Il). We used a different value of €, for UG5 (e5'¢) and U (eF!) to realize
the difference in the stiffness between the elbow region, and the rest of the CC. Because the

, is not known we varied €{'“ to cover a range of plausible values

persistence of the CC, lgc
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Parameter ‘ Value ‘
k‘F 50(1{ZBT/11H12)
Rp 1.5(nm)
efc 4,15, 30,45, 60, 75,90,
105,120, 135, 150(kgT)

G{;ﬂ 4(]{ZBT)
EN 5<I€BT)
ke 100(kpT /rad?)

TABLE S1. Parameters for the molecular dynamics simulation.

of IS¢ (see Table .

The last term in EqJST| models the conformation change in the motor head of condensin

due to ATP binding, and is taken as,
Uonr(0:) = ke (67 — ‘91)2; (S4)

where k¢ is the spring constant for the potential, and 6? is the equilibrium angle for the
angle potential. Before the conformational change we set #) = 2.4 (radian) in the open
state, which is roughly the angle calculated by ATP engaged state of prokaryotic SMC [3].
Because the structure for closed state is unavailable we chose ) = 4.0 (radian) for closed
state, which leads to 6; ~ 7 (radian) in equilibrium configuration for condensin (see F ig,
in order to obtain a large conformational change. The transition between the open and
closed states results in the scrunching of the DNA and extrusion of the loop. The parameter

values in the energy function used in the simulations are in Table [S1]

II. PERSISTENCE LENGTH OF THE COILED-COIL

We calculated the persistence length (lfc) for coiled-coil that suffices to amplify using
simulations for a single isolated semi-flexible polymer with the elbow. The single polymer
has 40 beads in total with 3 flexible beads, which provides a coarse-grained descrition of
the CC for condensin (Sec[[A). We set €' = 4(kpT) and varied ;' (see Table[S1). Since
the CC in our model has flexible kink at the elbow, we computed the effective persistence

length using end-to-end distance of the semi-flexible polymer. Namely, we obtained contour
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FIG. S2. Persistence length (lgc) as a function of bending stiffness (¢J'“). Red circles; lgc

calculated using end-to-end distance. Blue circles; lg ¢ calculated using the correlation of tangent

angle used in Toan and Thirumalai [4]. Green squares are for a semi-flexible polymer without
flexible elbow.

length (L) and end-to-end distance (R) from simulations then numerically solved < R? >=
2,L(1 — 2(1 — e7¥/%)) [5] for I,. We also computed the persistence length from the decay
of tangent angle correlation used previously in simulating a model for DNA [4]. We found
that the two methods gives consistent value of effective persistence length (see Fig..
Fig shows the persistence length of the CC as a function of €{'°. Without the flexible
elbow, the persistence length is well approximated by l, = lye,/(kpT), where [, ~ 1.3 nm is
mean bond length, as described elsewhere [6-8]. In the presence of the kink at the elbow

the effective persistence length becomes shorter.

III. DISTRIBUTION OF HEAD-HINGE DISTANCE

~Y

In Fig.5 in the main text we showed the distribution of head-hinge distance for lgc
70 nm. Here we list distributions for different values of lf ¢ (Fig. We also plot the mean
value of the change of head-hinge distance between open and closed state (AR; = Ry — Rs)
as a function of IS¢ (Fig.. For IS¢ ~ 5 nm (Fig(a)), we find the two distributions for

open state and closed state overlaps. This is because the persistence length of CC is too small

lg ¢ increases the

to propagate the conformational change initiated at the head domain. As
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FIG. S3. Distributions of R for various lg €. R; and Ry are mean value of head-hinge distance
for open state and closed state, respectively. The distributions are calculated from 50 trajectories,
40000 time points. (a) For lg'c ~ 5 nm, ARg = 1+ 8 nm, where error is calculated using standard
deviation of the distributions. (b) For lgc ~ 40 nm, AR, = 11+ 9 nm. (c) For lgc ~ 60 nm,
AR, =16 + 8 nm. (d) For I§° ~ 90 nm, AR, = 25+ 6 nm.

separation of the distributions become distinct. We note that for [, ~ 90 nm, AR, reaches
25 nm, which is comparable to the conformation change estimated in our theory.
Fig shows ARg as a function of [§'“. AR linearly increases with IS reaching ~ 25 nm

at ZEC ~ 90 nm.

IV. CONDENSIN POWER STROKE

A salient feature of molecular motors is the conversion of the chemical energy released
due to ATP hydrolysis to mechanical work, which is often accompanied by a power stroke

involving conformational changes. Processive motors, such as kinesin, myosin or dynein,
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FIG. S4. Difference of head-hinge distance between open and closed state (AR = R; — R2) as a
function of lg C. Each points are calculated from 5 trajectories (4000 time points). Error bars are

mostly smaller than the plot marker.
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FIG. S5. Density distribution for the angles for head (6;) and for elbow (¢g;) from simulation.
We plot the two dimensional distribution of angle from 50 trajectories, 40000 sample points, for
e5'C = 150(kpT) corresponding IS“ ~ 70 nm. The two maximum are (61, ¢p) = (2.4,2.1) and
(01,0m) = (3.1,1.4). On top and the right side we show the distribution of #; and ¢ g;, respectively.

undergo dynamic allosteric transitions initiated by ATP binding to the motor head. We
posit that a similar power stroke mechanism that produces allosteric transitions must also
be operative in the SMC class of motors to translocate along the DNA, thus extruding

loops. Based on AFM experiments [9] [10] and structural studies [3] we envision that open
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FIG. S6. A picture of a conformation of condensin bound to two loci separated by a genomic
distance s (extruded loop length). The spatial distance between the attachment points in the
DNA is r. For LE to occur condensin has to engage with at least two loci on the DNA.

to close transition condensin (scrunching process) corresponds to condensin power stroke.
The scrunching is assumed to be initiated at heads (ATPase domain), which is amplified
through CC.

In the main text, we obtained head-hinge distance as a measure of the power stroke. We
illustrate in Fig[Sh| the distribution for the angle for the head, #;, and for the elbow, ¢m,
(see Fig for the definition of angles) calculated from the simulation trajectories. There is
a clear separation in the two dimensional distribution of the angles #; and ¢g; (Fig. The
distribution of #; in both the open (O shape displayed in top structure in Fig. state and
the closed state (B shape - a terminology used in [9] to describe the structure in the bottom
of Fig. is narrower than the fluctuations of ¢g;. Thus, even using the simple model we
find that conformations changes in the head is transmitted through the elbow leading to the

open to closed transition (Fig. [S1)).

V. DERIVATION OF P(L|R)

A major ingredient in the theory (see Eq.(1) in the main text) is the calculation of the
contour length extruded loop as condensin is powered by ATP binding to the motor head and
subsequent hydrolysis. To obtain Eq.(1) in the main text let us consider condensin separated
by the spatial distance r that pinches a loop whose genomic length is s (Fig. Given
the distribution of the spatial distance r between two loci separated by a linear genomic
distance s, P(r|s), we would like to derive the distribution of s P(s|r). Indeed, P(s|r) is
the probability of extruded length of dsDNA, s by condensin whose DNA binding domains
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are separated by the distance, r. According to the Bayes’s rule, we have P(r|s)P(s) =

P(s]r)P(r). The normalization dictates that P(r) = [;"

o P(r|s)P(s)ds. These two equations

lead to,

We assume that there is no preference for picking any specific genomic distance s on DNA
(we do not account for sequence specific preference). Consequently, we take P(s) = 1/L.

Therefore,

Plapr) - WDIPLrIS)
(1/L) [y P(rls)ds
P(rls)

fOLP(T|s)ds

Thus, P(s|r) and P(r|s) differ only by a constant, fOL P(r|s)ds, if we consider a fixed r. It
is clear that P(r|s) is the radial probability density for the interior segments separated by a
distance r for a semi-flexible polymer, which is derived elsewhere [11]. For the case s = L,
P(rl|s) is the result for the end-to-end distribution for semi-flexible chains, P(R|L) [12]. It
is known that the simple analytic result for P(R|L) [12] is accurate when compared to the
exact result [I3] or numerical simulations. Thus, we employ the simpler expression P(R|L)
and assume that P(L|R) is equivalent to P(R|L) up to a normalization constant when

expressed in terms of L with fixed R.

VI. LOAD DEPENDENCE OF LE VELOCITY

In the experiment [I4] the load acting on condensin is obtained indirectly using relative
extension of dsDNA. However, in principle, it is possible to measure the direct load depen-
dence of condensin by using a different experimental set up such as optical tweezers. We
plotted using Eq.(4) in the main text, the LE velocity, directly as a function of external load
finF ig. We also converted the experimental data from x to f using Eq.(5) in the main
text. It is evident from Fig[S7] that condensin is a weak motor with a high response to the
external load. Note that the rate of extrusion significantly drops by f = 0.4 pN, which is
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FIG. S7. Comparison of the velocity of LE predicted by theory (blue line) with the data (red
dots) extracted from experiment [14].

consistent with previous experiments [I5HI7]. It appears that the stall force is no more than

about f; = 1.0 pN.

VII. EFFECT OF VARIABLE PERSISTENCE LENGTH FOR DNA

In the main text we used [, = 50 nm as the persistence length of DNA, which is widely
accepted value for dsDNA [18]. However, it could be interesting to explore [,, which can
be drastically altered in the presence of divalent cations, as a variable in our theory. In
Fig[S§(a) we plotted P(£|R = 50 nm) using Eq.(1) in the main text for different [,. As
dsDNA become flexible the distribution of P(L|R = 50 nm) becomes wider, suggesting
that most probable value of captured length of DNA by condensin would be larger with a
large dispersion. Thus, in this situation our approximation, Al ~ AR, would become less
accurate. Nevertheless, we can explore the velocity of extrusion for different [/, shown in
FigS§(b) for a fixed AR = 26 nm. As [, decreases the velocity of extrusion becomes linear

and slower because the load acting on DNA is higher for smaller [, at the same extension.
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FIG. S8. Effect of variable persistence length for dsDNA. (a) Plot of P(£|R = 50 nm). [/, = 50 nm
(red), I, = 40 nm (blue), [, = 30 nm (green), and I, = 20 nm (brown). (b) Extrusion rate of DNA
for different [,,. I, = 50 nm (red), [, = 40 nm (blue), [, = 30 nm (green), and [, = 20 nm (brown).
AR is fixed to be 26 nm ~ 76 bps.
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