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BIOCHEMISTRY

All eukaryotic SMC proteins induce a twist of —0.6 at

each DNA loop extrusion step

Richard Janissen’?t, Roman Barth'1#, lain F. Davidson3, Jan-Michael Peters3, Cees Dekker'*

Eukaryotes carry three types of structural maintenance of chromosome (SMC) protein complexes, condensin,
cohesin, and SMC5/6, which are ATP-dependent motor proteins that remodel the genome via DNA loop extrusion
(LE). SMCs modulate DNA supercoiling but remains incompletely understood how this is achieved. Using a single-
molecule magnetic tweezers assay that directly measures how much twist is induced by individual SMCs in each
LE step, we demonstrate that all three SMC complexes induce the same large negative twist (i.e., linking number
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change AL, of ~—0.6 at each LE step) into the extruded loop, independent of step size and DNA tension. Using ATP
hydrolysis mutants and nonhydrolyzable ATP analogs, we find that ATP binding is the twist-inducing event during
the ATPase cycle, coinciding with the force-generating LE step. The fact that all three eukaryotic SMC proteins
induce the same amount of twist indicates a common DNA-LE mechanism among these SMC complexes.

INTRODUCTION

SMC (structural maintenance of chromosomes) protein complexes
are essential in all organisms to ensure proper chromosome organi-
zation. In eukaryotes, three SMC protein complexes exist: cohesin,
condensin, and SMC5/6 (1). These SMC complexes share a common
architecture (fig. SIA) where two Smc subunits heterodimerize at
their hinge and an intrinsically disordered kleisin subunit connects
their adenosine triphosphatase (ATPase) domains, thus forming a
ring structure. Cohesin and condensin associate with two HAWK
(HEAT repeat-containing proteins associated with kleisins) subunits
on the kleisin, while SMC5/6 carries two KITE (kleisin interacting
winged-helix tandem element) on its kleisin and a third, Nse2, on
the coiled coil of Smc5 (2). The three SMCs participate in a large
range of diverse biological processes in vivo (2). From S-phase until
metaphase, cohesin topologically embraces the two replicated sister
chromatids (3, 4), while condensin compacts the chromatids via
DNA loop extrusion in mitosis (5, 6) for subsequent chromosome
segregation. During interphase, cohesin also folds genomic DNA
into loops (7-9), which has been implicated in the regulation of
transcription (10), recombination (11, 12), and the local separation
of sister chromatids (13). SMC5/6 predominantly contributes to
DNA repair (14), but its exact role remains elusive. Despite their
varying roles, all three eukaryotic SMC complexes are able to ex-
trude DNA into loops (5, 8, 15-18) via an adenosine triphosphate
(ATP)-dependent DNA loop extrusion mechanism that remains
incompletely understood (19).

SMCs have been reported to change the amount of DNA super-
coiling. Early biochemical reconstitutions of condensin from Xenopus
egg extracts demonstrated that condensin generates positive DNA
supercoiling (20-22), i.e., an additional twist deposited in DNA in
the same right-handed direction as the double helix. Supercoiling is
ubiquitously present in cells and contributes to the packaging of
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chromosomes and the regulation of genetic processes. Recent data
have shown that condensin (23) and SMC5/6 (24) complexes are
able to loop already supercoiled DNA and that cohesin also actively
induces DNA supercoiling using ATP (20, 23, 25, 26). Condensin
dosage compensation complex (DCC) has been associated with
local negative supercoils at its high-occupancy binding sites of the
X chromosome in Caenorhabditis elegans (27). Likely, DNA super-
coiling and DNA loop extrusion stem from the same conformational
changes during the ATPase cycle, suggesting that also SMC5/6 should
exhibit a DNA supercoiling activity as well. Notably, DNA loop ex-
trusion by condensin (28) and cohesin (29) occurs in large discrete
steps of up to hundred base pairs each, which are generated by ATP
binding to the SMC complex (28). It remains unknown how SMC
proteins induce DNA twist, whether or how this mechanism is
related to the loop extrusion mechanism, and whether the DNA
twist directionality and degree of twist are comparable across the
SMC family.

Here, we use a high-resolution magnetic tweezers (MT) assay
to quantitatively examine, at the single-molecule level, the twist
induced into DNA during loop extrusion by all three eukaryotic SMC
complexes: human cohesin, yeast condensin, and yeast SMC5/6. We
find that all three SMC complexes twist DNA negatively in each
DNA loop extrusion step, irrespective of the loop extrusion step size
and the applied DNA tension. Notably, a large linking number
change (ALy, ~—0.6) was resolved in each step of DNA loop extru-
sion by individual SMCs on single DNA molecules. Using ATP
hydrolysis mutants and nonhydrolyzable ATP analogs, we show that
ATP binding is not only the DNA extrusion step but also the twist-
generating event of the ATPase cycle. Notably, all three SMC com-
plexes quantitatively induced a comparable amount of negative twist
in the extruded DNA loop, indicating a conserved mechanism shared
by all eukaryotic SMCs to generate supercoils that is an intrinsic
property of the DNA loop extrusion cycle.

RESULTS

SMC complexes induce a negative DNA twist at individual
DNA loop extrusion steps

With the objective to probe the degree of DNA twist induced by
SMCs during single DNA loop extrusion steps, we turned to MT as
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this single-molecule technique has been proven to be able to resolve
both single loop extrusion steps of yeast condensin and human
cohesin (28, 29), as well as minute changes in DNA twist (30-33).
Torsionally constrained 3.6-kbp-long double-stranded DNA (dsDNA)
molecules were tethered between a superparamagnetic 1-pm bead
and an anti-digoxygenin-functionalized glass surface via handles
on the end of DNA molecules containing either multiple biotin or
digoxygenin labels, respectively (Methods). A pair of permanent
magnets was mounted above the flow cell which allowed to exert a
calibrated force on the surface-tethered DNA molecules (Fig. 1A)
(34). Here, we applied a force of 0.3 pN, at which individual SMC-
mediated loop extrusion steps can be measured (28, 29). Rotation of
the magnet pair within the plane of the surface yielded a corre-
sponding rotation of the magnetized bead. Since the attached DNA
molecule is torsionally constrained, its linking number Ly changes
proportionally with the rotation of the bead. The DNA extension is
at its maximum when no rotation is applied, i.e., when ALx = 0.
Applying a low number of positive (negative) rotations overwinds
(underwinds) and twists the DNA. Beyond a buckling point (35),
twist is converted into writhe which absorbs the applied turns into

plectonemic supercoils, resulting in the shortening of the DNA
end-to-end extension (30, 31, 33, 36). Monitoring the DNA end-to-
end extension versus positive and negative rotations thus generates
arotation curve which is symmetric around zero rotations (ALy = 0)
at low forces [<0.6 pN, i.e.,, where DNA remains in its B-form
(30, 31, 33, 36)] (Fig. 1A). Rotation curves were measured for all
DNA molecules in the field of view as a reference before the intro-
duction of SMCs into the flow chamber.

The MT assay allows to resolve both the steps and the twist
induced by individual SMCs during their loop extrusion activity. In
a first series of experiments, human cohesin and ATP were flushed
into the flow chamber, while a high force of 7 pN was applied to
the tethers to prevent compaction of the DNA molecules during
flush-in by SMC-mediated DNA loop extrusion. When the flow was
stopped and the force was quickly lowered to 0.3 pN, a stepwise
decrease in the DNA end-to-end extension was observed (Fig. 1B).
These can be attributed to discrete DNA loop extrusion steps as previ-
ously demonstrated for yeast condensin and human cohesin (28, 29).
Directly after monitoring the steps for 10 min, another rotation curve
was acquired at the same force (Fig. 1C). The peak of the rotation
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Fig. 1. Measuring twist induced by single DNA loop extrusion steps by use of MT. (A) Assay schematic (top) and corresponding experimental data (bottom) of the
DNA end-to-end extension as a function of magnet rotation for a torsionally constrained 3.6-kbp DNA molecule. At a constant force of 0.3 pN, the DNA extension is
maximal when no external rotations are applied. Upon applying positive/negative rotations, the over/underwinding of the DNA changes the linking number Ly and leads
to the formation of plectonemic supercoils, which, at this low force, are symmetric for both positive and negative coiling. Solid line is a Gaussian fit to the rotation curve
data. (B) Assay schematic (top) and experimental data (bottom) which depict a representative trajectory of human cohesin (100 pM human cohesin, 250 pM NIPBL-Mau2)
showing the step-wise DNA loop extrusion in the presence of 1 mM ATP at 0.3 pN. Black line shows fit result from a step-finding algorithm. During loop extrusion, human
cohesin induces negative supercoils (—ALy) into the extruded DNA loop, while compensatory, positive supercoils (+AL) form in the DNA molecule outside the loop.
(€) Assay schematic (top) and experimental data (bottom) of DNA extension as a function of magnet rotation, similar to (A), conducted directly after the DNA loop extrusion
experiment at 0.3 pN. The rotation curve after loop extrusion (red; line depicts Gaussian fit to the data) shows that the maximum DNA extension was shifted to negative
magnet rotation compared to the initial rotation curve (black), which was caused by the uncoiling of the positive complementary supercoils (+AL) that were formed in
the DNA molecule outside the DNA loop. The degree of negative supercoils (—ALy) that are generated by human cohesin residing in the loop is thus directly measured
from the shift of the rotation-curve maxima. Black arrows in the trajectories depict single steps. (D) Same as (A) to (C), for a trace showing only a single loop extrusion step
(20 pM human cohesin with 50 pM NIPBL-Mau2 and 1 mM ATP). A lower amount of induced negative supercoils (—ALy) is observed, compared to (A) to (C).
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curve after loop extrusion (Fig. 1C, red curve) was systematically
shifted to a lower bead height and to a negative number of rotations,
compared to the reference rotation curve acquired before the extru-
sion of DNA by SMCs (Fig. 1, A and C, black line). As the SMC
reeled DNA into the loop, the DNA tether length decreased, ex-
plaining the decrease of the bead height (28, 29). The frequency of
DNA loop extrusion steps (which reflects the loop extrusion speed)
observed in MT experiments at 0.3 pN (28, 29) was observed to
be considerably lower than the loop extrusion speed measured in
single-molecule fluorescence experiments that was deduced at DNA
tensions close to 0 pN [at the time that SMC complexes just started
loop extrusion and when the loop extrusion rate was measured
(5, 8, 29, 37)]. Notably, these MT experiments are inevitably carried
out at forces at or above the low stalling force of these SMC com-
plexes (28, 29) because MTs intrinsically need to be operated at non-
zero (practically >0.2 pN) forces to allow for both the trapping of
the magnetic bead and achieving a reasonable signal-to-noise ratio,
where these molecular motor proteins only occasionally make a
few steps (28).

The shift of the rotation curve signals the twist that was inserted
into the extruded loop by the SMC. To obtain the maximum DNA
extension in the final rotation curve (Fig. 1C, red curve), negative
rotations have to be externally applied to the DNA tether (outside
the extruded loop) to remove the writhe. In other words, the DNA
tether outside the loop was positively twisted after loop extrusion.
Since the overall linking number of the entire torsionally con-
strained DNA molecule was conserved, the positive linking number
change (AL > 0) that was measured in the nonlooped DNA tether
compensates the negative linking number change (ALx < 0) that
was generated by the SMC inside the extruded loop (Fig. 1C). In
this way, our assay thus directly measures, at the single-molecule
level, the induced twist that is generated into the extruded loop
through one or more steps of the SMC. The magnitude of the in-
duced twist ALy is quantified as the difference of the peak positions
of Gaussian fits to the rotation curves before and after loop extru-
sion (Methods), and it can be correlated to the number of downward
steps that was observed in the time trace. A small but still negative
shift between the rotation curves before and after the induction of
loop extrusion could even be resolved for DNA molecules that showed
only a single downward step (Fig. 1D). This observation is a direct
demonstration that single SMC molecules negatively twist DNA,
concomitant with individual loop extrusion steps.

ATP binding induces an equal amount of twist in each loop

extrusion step, irrespective of the step size and DNA tension
Using MT, we previously determined that ATP binding (i.e., not ATP
hydrolysis) is the step-generating event during the DNA loop extru-
sion cycle of yeast condensin (28). To test whether this is also the
case for cohesin, as well as to assess whether the ATP binding step
is involved in DNA twisting, we used adenylyl-imidodiphosphate
(AMP-PNP), a nonhydrolyzable ATP analog, as well as an ATP
hydrolysis (EQ/EQ)-deficient mutant during cohesin-mediated loop
extrusion to obtain trajectories with a single loop extrusion step.
The DNA end-to-end extension exhibited only a single downward
step (e.g., as in Fig. 1D) or repeated downward-reverse step combi-
nations (fig. S2A) for human cohesin under these conditions. No
subsequent consecutive downward steps were observed, confirming
that ATP binding is the step-generating event for human cohesin.
Downward-reverse step combinations represent single DNA loop
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extrusion steps which were followed by a reversal, possibly upon
dissociation of DNA from one of the binding sites before the reeled-in
DNA was merged with the existing loop. Reversals were found to
not contribute to the induced DNA twist (i.e., yielding ALy = 0). The
change in DNA linking number AL for traces with a single down-
ward step (Fig. 2A) was —0.58 + 0.16 (mean + SD, N = 37).

By contrast, traces of wild-type (WT) human cohesin in the pres-
ence of ATP often exhibited several consecutive downward steps
(Fig. 1B and fig. S2A), similar to previous MT experiments on con-
densin (28). We quantitatively estimated whether these consecutive
steps were performed by a single SMC complex that made multiple
subsequent steps or, alternatively, by multiple independent SMCs
that bound at the same DNA, each performing only one step. We
found that, in most cases, the multiple steps were caused by a single
SMC that performed multiple loop extrusion cycles and not by sev-
eral SMCs, each performing only one step. We concluded this based
on a statistical assessment of our experimental data that considered
which of these scenarios is more likely to occur (see Supplementary
Methods): Using the fraction of “dead traces” per experiment
(i.e., traces that did not exhibit any downward step or reversal activity),
we calculated the expected number of SMCs per DNA molecule via
a Poisson distribution under the assumption of independent DNA
binding (i.e., noncooperative binding at the very low concentrations
used here), and we compared this with the observed number of
steps per tether (see Supplementary Methods and fig. S2D). The
analysis showed that SMCs underwent multiple loop extrusion
cycles in 64 to 71% or 77 to 86% of the experiments with traces of
more than two or three steps, respectively (Supplementary Methods
and fig. S2, D and E). In summary, for the majority of our single-
molecule MT traces, our statistics analysis indicates that we probed
single SMC complexes performing multiple DNA loop extrusion steps.

The change in linking number ALy after cohesin-mediated loop
extrusion was found to scale linearly with the number of loop extru-
sion steps (Fig. 2A). Division of the final linking number change by
the number of loop extrusion steps in the trace showed that each
step induced, on average, a DNA twist of ALy = —0.59 + 0.16
(mean + SD, N = 78; Fig. 2B). Notably, the linking number change
was independent of the size of the loop extrusion step (Fig. 2C), as
similar ~—0.6 values were found for small (~20 nm) steps and for
large (~100 nm) steps. In addition, loop extrusion experiments with
yeast condensin were performed at different applied forces, ranging
from 0.2 to 1.5 pN. The data (fig. S2F) show that the twist generation
is also independent of the tension acting on the DNA. These results
suggest that DNA twist is generated by local conformational changes
within the SMC complex, independent of the DNA tension and the
amount of DNA that is fed into the loop.

All eukaryotic SMCs induce ALg = —0.6 per step into the
extruded DNA loop

All three eukaryotic SMC complexes—cohesin, condensin, and
SMC5/6—share the ability to extrude DNA into loops, and they
do so with very similar characteristics, viz., at a comparable extru-
sion rate and up to a comparable subpiconewton stalling force
(5, 8, 15, 16, 29). We therefore examined whether their ability to
twist DNA is also shared. To answer this question, we repeated MT
experiments described above for human cohesin with budding yeast
condensin (Fig. 2, D to F; figs. S1B and S2B; and Methods) and
budding yeast SMC5/6 [Fig. 2, G to I; figs. S1C and S2C; Methods;
and (37)]. We then analyzed whether individual loop extrusion
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Fig. 2. Induced DNA twist is constant for each loop extrusion step and step size independent for all eukaryotic SMC complexes. (A) Linking number change
ALy versus the number of steps for WT human cohesin in the presence of AMP-PNP (red, N = 5), for EQ/EQ mutant of human cohesin in the presence of ATP (blue, N = 10),
and for WT human cohesin in the presence of ATP (black, N = 63).The pink line is a linear fit without offset. (B) Same data as in (A) but displaying the linking number change
per step [i.e., ALy divided by the number of loop extrusion (LE) steps]. Histogram on the right represents all data points (AMP-PNP, EQ, and WT) and is fitted by a Gaussian
with —0.59 + 0.16 AL/step (mean + SD). Statistical significance was assessed using a one-way analysis of variance (ANOVA) with a significance level « = 0.05 [95% confidence
interval; not significant (n.s.) = P > 0.05]. (C) Linking number change versus the measured step size, for traces with only a single step (pooled from AMP-PNP, EQ, and
WT experiments, N = 54). Linear fit and Pearson’s correlation coefficient are shown in pink. (D to F) Same as (A) to (C) but for yeast condensin [N = 5 for AMP-PNP,
N =64 for WT,and N=39in (F)]. (Gtol) Same as (A) to (C) but for the yeast SMC5/6 hexamer [N = 15 for the SMC5/6 octamer (SMC5/6 with Nse5-Nse6), N = 7 for AMP-PNP,

N =56 for WT,and N =55 in (I)].

steps can be observed using torsionally unconstrained DNA and
measured the size of these steps (Methods). At an applied force of
0.2 pN, we found that the median step size of SMC5/6 is ~30 nm,
while cohesin and condensin take steps of median size of ~40 nm
(fig. S1D). The step size decreased as the DNA tension is increased,
a phenomenon observed for all eukaryotic SMC complexes [fig. S1D
and (28, 29)].

MT experiments on yeast condensin and SMC5/6 yielded very
similar results as for human cohesin. In the presence of AMP-PNP,
WT yeast condensin and SMC5/6 showed only a single downward
step and downward-reverse step combinations (fig. S2, B and C),
while in the presence of ATP, multiple consecutive downward steps
were observed (fig. S2, B and C). The SMC5/6 hexamer can be con-
verted to an octameric version by the addition of the cofactor Nse5/6
(38, 39). Octameric SMC5/6 does not loop DNA (16, 37) but pro-
motes salt-stable loading of SMC5/6 onto DNA, which is indicative
of topological loading (16, 38). Loop extrusion traces of octameric
SMC5/6 exhibited a single downward step or downward-reverse
step combinations (but never multiple consecutive downward steps)
(fig. S2C), similar to traces of WT SMCs in the presence of a
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nonhydrolyzable AMP-PNP or an ATP hydrolysis—deficient mutant
[fig. S2C and (28), respectively]. This suggests that Nse5/6 blocks
ATP hydrolysis but not ATP binding to SMC5/6, consistent with an
earlier report that ATP binding but not hydrolysis is required to
topologically load SMC5/6 onto DNA (38).

As for cohesin, the linking number change induced by condensin
and SMC5/6 hexamer was negative and scaled with the amount of
loop extrusion steps, while the linking number change per step re-
mained constant at a value of AL,y = —0.61 +0.14 and —0.57 + 0.15,
respectively (mean =+ SD; Fig. 2, E and H). These values were also
independent of the size of the loop extrusion steps (Fig. 2, F and I).
Notably, all three SMC complexes thus induced a comparable
amount of DNA twist per step of ALy = —0.59 + 0.02 (mean + SD
across the three SMCs; Fig. 3A).

DISCUSSION

We here presented a high-resolution MT assay on single torsionally
constrained DNA molecules that directly measures how much twist
is induced by an individual SMC in each loop extrusion step. The
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Fig. 3. Eukaryotic SMC complexes induce comparable negative DNA twist per loop extrusion step. (A) Induced twist per step for all three eukaryotic SMC complexes,
where all values of the changes in the linking number ALy per DNA loop extrusion step were pooled from Fig. 2 (B, E, and H) (N = 59 for cohesin, N = 64 for yeast condensin,
and N = 56 for SMC5/6). Statistical significance was assessed using a one-way ANOVA with a significance level o = 0.05 (95% confidence interval; n.s. = P > 0.05). (B) Potential
mechanism yielding a negative DNA twist of ALy ~—0.6 based on the reel-and-seal model (79). DNA is nontopologically held by kleisin and HEAT-A (step 1). Upon ATP binding,
clamping of DNA on top of the engaged ATPase heads temporarily forces a small loop of DNA pseudo-topologically into the Smc lumen (step 2a). Rotation of HEAT-A (if bound
to DNA in the apo as well as the engaged state) induces a negative twist of about 60°, yielding AL, ~—0.17 (fig. S3, D and E), into the loop [see inset for twist direction (44)].
Spontaneous rotation of the coiled coils with hinge-bound DNA by about 180° (53, 54, 56) induces a further linking number change of AL, ~—0.5 into the loop (step 2b).

data provide direct evidence that all eukaryotic SMC complexes
negatively twist DNA by the same amount at every loop extrusion
step, irrespective of the DNA tension and the amount of DNA that
is reeled into the DNA loop. The linking number change of ALy
~—0.6 is generated upon ATP binding and is found to be a con-
served value across the eukaryotic SMC family.

Previous deletion and mutation studies with bulk plasmid assays
suggested that SMC proteins induce positive supercoiling of genomic
DNA in vivo in eukaryotes (40) and in prokaryotes (41, 42). Positive
DNA supercoiling by Xenopus 13S condensin was also reconstituted
in vitro (20). Recently, however, it was discovered that two modes of
supercoiling can be observed in these plasmid assays for condensin
(25) and cohesin (26), depending on the molar ratio of SMC to plas-
mid as well as the protein and DNA concentrations (25). In these
studies, it appears that condensin and cohesin twist DNA positively
when it is in large excess to DNA, whereas negative twist is induced
at low protein-DNA ratios and concentrations (25, 26). Our results
are in agreement with the negative supercoiling induced at a low
concentration of condensin (25) and cohesin (26). In these studies,
it remained unclear what constitutes the change in twist direction
induced by these SMCs on a molecular level.

Kimura and Hirano (20) noted that ATP hydrolysis is necessary
for the supercoiling reaction to occur. By contrast, for conditions
where ATP hydrolysis was inhibited, we observed that SMCs generate
at most one step with ~—0.6 turns (Fig. 2, A, D, and G, and fig. S2)—
which shows that SMCs induce negative twist into DNA upon ATP
binding alone. Possibly, the topoisomerases used in the experiments
in (20) were unable to catalyze sufficient changes in the linking
number to be resolved in these bulk assays. In contrast, Martinez-
Garcia et al. (25) found that the incubation of the supercoiling reaction
with ATP and subsequent incubation with an excess of AMP-PNP
increase the amount of topo I-fixed supercoils twofold compared to
an incubation with ATP alone. From the average levels of induced
supercoiling, the authors estimated that a negative twist of AL, ~—0.8
is induced upon ATP binding which is reduced to AL, ~—0.4 upon
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ATP hydrolysis. While the induction of negative supercoils during
each loop extrusion step aligns with our observation, the ALy values
differ from our direct single-molecule measurements, as we observed
that ATP binding alone induces a twist of AL, ~—0.6 which remains
unchanged by subsequent ATP hydrolysis. Possibly, condensin is
stabilized on DNA in the ATP-bound state in the plasmid assay,
preventing the loss of condensin-mediated supercoils upon loop
dissociation before topo I could have permanently induced a linking
number change. The discrepancy between the estimates of ALy per
ATPase cycle by Martinez-Garcia et al. (25) and our results may be
explainable by the assumptions that had to be made in the bulk assay
to assess the supercoiling activity of condensin. Specifically, all con-
densin molecules were assumed to be active, and topo I was as-
sumed to be 100% efficient in removing the generated supercoils. In
contrast, our single-molecule experiments directly measure the in-
duced twist on the single-step level during loop extrusion by a single
SMC complex, without any treatment by topoisomerases. Martinez-
Garcia et al. (25) further concluded that each condensin molecule
only transiently bends DNA during each loop extrusion step, whereas
our measurements suggest that SMCs are able to accumulate nega-
tively supercoiled DNA over multiple loop extrusion steps.

When we converted the SMC5/6 hexamer to a SMC5/6 octamer,
we observed that the octamer can only induce DNA twist in a single
step (inducing a linking number change of ALy = —0.51 + 0.17,
mean + SD) despite its inability to hydrolyze ATP (38, 43) or extrude
DNA loops [Fig. 2G, fig. S2C, and (16, 37)], suggesting that the
SMC5/6 octamer is able to bind ATP. Since the SMC5/6 octamer has
been shown to topologically embrace DNA (16, 39), it is possible
that the ATP binding-induced power stroke by the SMC5/6 octamer
serves as an intermediate to the topological loading reaction of
SMC complexes onto DNA. Current models of DNA loop extrusion
postulate that a transient DNA loop is inserted pseudo-topologically
into the SMC lumen upon ATP binding to the complex due to a DNA
clamping onto the engaged Smc ATPase heads (19, 39, 44-51) that
causes the power stroke (46). Transient hinge opening in this state
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would lead to a topological entrapment of the DNA duplex [see fig. S3
(H to]) for such a potential pathway to topological entrapment].

Since DNA twisting occurs concomitantly with loop extrusion,
we conclude that DNA twisting by ~—0.6 turns in each step is inherent
to the ATP-driven DNA loop extrusion cycle of SMC complexes.
While the DNA loop extrusion mechanism still remains incom-
pletely resolved, future models have to quantitatively consider the
twist of —0.6 turns induced into the loop upon ATP binding. On the
basis of previous structural data, we can point to a few elements that
may explain the mechanism driving the induced negative supercoiling
(Fig. 3B) in a reel-and-seal model (19) with a twist. Upon ATP binding,
the HEAT-A subunit [accessory subunit I, Nipped-B-like protein
(NIPBL)-Mau2 for human cohesin, in fig. SIA] undergoes a rigid
body rotation about 60° (ALy, ~—0.17) which forms a positively
charged channel to clamp DNA onto the ATPase heads (Fig. 3B,
steps 1 to 2a, and fig. S3, A and B) (44, 52). While the DNA trajec-
tory within SMC complexes in the apo state has so far not been
resolved, continuous DNA binding to HEAT-A in both states may
direct DNA to the binding site formed by the engaged ATPase heads
and thus induce ALx ~—0.17 into the extruded loop. Upon head
engagement, the coiled coils unfold (53) and may spontaneously
intertwine as has been observed by molecular dynamic simulations
(fig. S3C) (54), cryo—electron microscopy (cryo-EM) (fig. S3D) (55),
negative staining electron microscopy (fig. S3E) (56), and high-speed
atomic force microscopy (fig. S3F) (53). DNA binding to the hinge
has been proposed to be essential for DNA loop extrusion (53). If
intertwining of the coiled coils occurs after DNA is bound at both
the hinge and the ATPase heads, then this would induce a negative
linking number change of about —0.5 into the DNA loop. Such a
mechanism is supported by the finding that a mutant, which is
defective in DNA binding at the hinge (53), shows reduced super-
coiling activity (26). These two contributions, the rigid body rota-
tion of HEAT-A and the spontaneous intertwining of the Smc coiled
coils, therefore may additively contribute an induced linking number
of —0.6 to —0.7, which is close to the observed negative linking
number change of approximately —0.6 upon ATP binding. Subse-
quent ATP hydrolysis disengages the ATPase heads and transfers
the accumulated twist into the extruded loop, clearing the way for
the next cycle of DNA loop extrusion (fig. S3E). We note that the
above model is consistent with the absence of a force dependence of
the induced twist that we measured (fig. S2F): Since twist is induced
by conformational changes in the SMC complex associated with the
local clamping of DNA onto the ATPase heads upon ATP binding,
one would not expect a dependence on DNA tension. This contrast
the force dependence of the step size (fig. S1D) as the amount of
DNA that is reeled into the loop in each step can be variable in this
picture.

What is the impact of SMC-induced DNA supercoiling on the
genome? DNA binding of CCCTC-binding factor (CTCF) demar-
cates topologically associated domains (TADs) via an orientational
interaction of CTCF with cohesin (29, 57-63). The two- to threefold
higher contact frequency within TADs than across TADs (64-67)
might be partially explained by the barrier function of CTCF on
loop progression. However, it is also plausible that supercoiling
accumulates within a subset of (sub-)TADs (68) which could account
for the increased intra-TAD contact frequency (67). While the
accumulation of supercoils within TADs has so far been thought to
be due to transcription-mediated supercoiling (67, 69, 70), this
could also be the result of cohesin-mediated loop extrusion itself.
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The accumulation of supercoiling within TADs can contribute to
their insulating property (71) as well as to the facilitation of long-
range contacts between genomic loci within a TAD, e.g., promoter-
enhancer contacts (72). The latter could explain how cohesin may
drive transcription of enhancer-controlled developmental genes even
in the absence of loop anchors positioned at enhancer-promoter
pairs (10). SMCs preferentially bind and loop onto positively over
negatively supercoiled DNA (23, 24, 73), which could prevent SMCs
to load onto already extruded (negatively supercoiled) loops. This
bias could contribute to the appearance of characteristic CTCF-
dependent TAD corner dots in high-throughput chromosome con-
formation capture (Hi-C) maps (59, 74, 75) since those depend on a
fraction of TADs whose DNA is completely contained in SMC-
mediated loops (76) as observed in vivo (77, 78). Similarly, extru-
sion of the entire chromosomes without gaps between loop anchors
is instrumental to compact metazoan mitotic chromosomes for
sister chromatid segregation (76), which could also be mediated
by the preferential recruitment to positively supercoiled, nonlooped
DNA. Similarly, the SMC-mediated positive supercoiling of genomic
regions outside loops might direct topo II to decatenate sister chro-
matids before relaxing supercoils (40). If bacterial SMC complexes
induce a similar amount of twist as their eukaryotic relatives, then
this could contribute substantially to the observed supercoiling density
of many bacteria in vivo [supercoiling density 6 = ~—0.06 (79, 80)]
since we observed that SMCs induce supercoiling densities of —0.04
to —0.06 in the extruded DNA [for example, 6 ~—0.6/150 bp*10.5/
bp ~—0.04, given a typical step size of ~150 bp; fig. S1D and (28)].

Our observation that all eukaryotic SMC complexes twist DNA
negatively at every loop extrusion step establishes DNA supercoiling
as an integral part of the DNA loop extrusion mechanism. The mea-
sured quantitative loop extrusion-induced DNA twist of —0.59 + 0.02
(mean + SD) will help modeling and polymer simulations to capture
yet finer structures of genomes (67) and will inform refined models
of DNA loop extrusion with the handedness and amount of induced
twist upon ATP binding.

METHODS

Protein expression and purification

WT and EQ/EQ human cohesin, as well as NIPBL-Mau2, were
expressed in and purified from Sf9 insect cells as described previ-
ously (8). Saccharomyces cerevisiae condensin was expressed in and
purified from S. cerevisiae as described previously (5). S. cerevisiae
SMC5/6 was expressed in and purified from Escherichia coli as
described previously (39).

Synthesis of torsionally constrained dsDNA

Linear, torsionally constrained dsDNA constructs were synthesized
on the basis of either a 3.4-kbp fragment of the pRL-SV40 plasmid
(Promega, USA), digested with Bam HI and Xba I, or a 10-kb fragment
from pSuperCos-Lambdal,2, digested with Xho I (dig-handle), Eco
RI-HF (bio-handle), and Bam HI-HE Afterward, the fragment was
enzymatically ligated to 600-bp dsDNA handles that contained mul-
tiple digoxigenins on one end of the dsDNA construct and multiple
biotins at the other end of the dsDNA construct, as previously de-
scribed (81, 82). To synthesize these handles, a 1.2-kb fragment
from pBluescript SK+ (Stratagene, USA) was amplified by poly-
merase chain reaction in the presence of biotin-16-deoxyuridine
triphosphate (dUTP) (Roche, Switzerland) or digoxigenin-11-dUTP
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(Roche, Switzerland) in a 1:5 ratio, using the forward primer
5'-GACCGAGATAGGGTTGAGTG and the reverse primer
5'-CAGGGTCGGAACAGGAGAGC. Before enzymatic ligation
via T4 DNA ligase (New England Biolabs, UK) overnight, the
handle fragment was digested with either Bam HI or Xba I for a 3.6-kbp
fragment and Xho I or Eco RI-HF for a 10-kbp fragment. The final
dsDNA constructs were cleaned up from the access of handles and
other DNA fragments by running on a 1% agarose gel and extract
the dsDNA construct using a gel purification kit (A9282, Promega).

Magnetic tweezers

The MT used in this study was described previously (28, 83). Briefly,
light transmitted through the sample was collected by a 50x oil-
immersion objective (CFI Plan 50XH, Achromat; 50X; numerical
aperture = 0.9; Nikon) and projected onto a 4-megapixel comple-
mentary metal-oxide semiconductor camera (4M60, Falcon2;
Teledyne DALSA) with a sampling frequency of 60 Hz. The applied
magnetic field was generated by a pair of vertically aligned permanent
neodymium-iron-boron magnets (Supermagnete GmbH, Germa-
ny), separated by a distance of 1 mm, and suspended on a motorized
stage (M-126.PD2; Physik Instrumente) above the flow cell. In addi-
tion, the magnet pair could be rotated around the illumination axis
by an applied dc servo step motor (C-150.PD; Physik Instrumente).
Image processing of the collected light allowed to track the real-time
position of both surface-attached reference beads and superpara-
magnetic beads coupled to the torsionally constrained dsDNA
construct in three dimensions over time. Bead x, y, z position tracking
was achieved with a spatial resolution of ~2 nm (28) using a cross-
correlation algorithm realized with custom-written software in
LabVIEW (2011, National Instruments Corporation) (84). The
software determined the bead positions with spectral corrections to
correct for camera blur and aliasing.

Measurement of DNA loop extrusion-induced DNA twist
The flow cell preparation for the MT experiments used in this study
has been described previously in detail (28, 83). Briefly, polystyrene
reference beads (Polysciences Europe) of 1.5 pm in diameter were
diluted 1:1500 in phosphate-buffered saline (PBS) buffer (pH 7.4)
and adhered to 1 M KOH-treated surface of the flow cell channel as
fiducial markers. Next, digoxigenin sheep antibody Fab fragments
(0.5 mg/ml; Roche, Switzerland) in PBS buffer were incubated for
1 hour within the flow cell channel, following incubation for 2 hours
of bovine serum albumin (10 mg/ml; New England Biolabs, UK),
diluted in PBS buffer. For each experiment, 1 pM of the torsionally
constrained dsDNA construct was incubated in PBS buffer for 20 min
in the flow cell channel. After washing with 500 ml of PBS buffer, the
addition of 100-pl streptavidin-coated superparamagnetic beads
with a diameter of 1 pm (diluted 1:400 in PBS buffer; MyOne #65601
Dynabeads, Invitrogen/Life Technologies) for 5 min resulted in
the attachment of the beads to biotinylated dsDNA constructs.
Non-attached beads were washed out with PBS buffer. Before con-
ducting the force-extension experiments, we assessed whether
dsDNA tethers were singly tethered by applying a high force (5 pN)
and 20 negative rotations, and whether they were torsionally con-
strained by applying 20 rotations to each direction at a low force
(0.3 pN). Only single and torsionally constrained DNA tethers were
analyzed. All experiments were conducted at room temperature (22°C).
For assessing the twist generated during the DNA loop extrusion
experiments, a reference rotation curve was first acquired at 0.3 pN
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with negative and positive rotations of each 12 turns, with a rotation
speed of 0.25 turns s~'. Subsequently, the SMC proteins (cohesin
WT: 20 to 100 pM; cohesin EQ/EQ: 10 to 20 pM; condensin: 0.4 to
1 nM; SMC5/6: 3 to 6 nM) in the presence of 1 mM ATP or 1 mM
AMP-PNP (Sigma-Aldrich, The Netherlands)—as indicated in the
Results section—were inserted into the flow cell channel while
applying 7 pN to the dsDNA tethers. We initially varied the protein
concentration to assess whether the results would depend on protein
concentrations. However, this was not the case, and data obtained
from experiments under varying protein concentrations were there-
fore pooled. The force was then quickly lowered to a constant force of
0.3 pN (unless indicated otherwise; see fig. S2F) to record the DNA
loop extrusion steps via the change in bead Z-position (28, 29) for
10 min, which is a time where the DNA loop extrusion activity of most
SMCs ceased. To assess the degree of DNA twist that was introduced
by each SMC during DNA loop extrusion, another rotation curve was
recorded at 0.3 pN with negative and positive rotations of 12 turns
(25 turns for 10-kbp DNA) with a rotation speed of 0.25 turns s~ ).

Modeling of the experimentally determined cryo-EM map of
apo S. cerevisiae cohesin

A full pseudo-atomic model of S. cerevisiae cohesin in the apo state
(in the absence of ATP and DNA) was fitted into the cryo-EM map
EMD-12880 using UCSF ChimeraX (85). The lower part containing
the ATPase heads of Smcl and Smc3, kleisin, as well as Scc2 was
taken from Protein Data Bank (PDB) entry 6ZZ6 (50), and the folded
coiled coils were taken from PDB entry 7OGT (86) as performed
previously (87). The EM maps and protein structures in Fig. 3B and
fig. S3 were depicted using UCSF ChimeraX (85).

Quantification and statistical analyses

MT datasets were processed and analyzed using custom-written
Igor v6.37-based scripts. From our raw data, we removed traces that
showed surface-adhered magnetic beads as well as dsDNA tethers
where the DNA-bead attachment points were close (<100 nm)
to the magnetic equator of the magnetic beads using a previously
described method (88). Tethers that detached from the surface
during the measurement were also rejected from further analysis.
All traces and rotation curves resulting from experiments conducted
at identical conditions for each SMC were pooled and filtered to
1 Hz (moving average) for extrusion step identification and before
Gaussian fitting of the rotations curves.

DNA loop extrusion step sizes were extracted from the change in
bead Z-positions in the traces using a previously described method-
ology and a stepfinder algorithm (28, 89). The induced DNA twist
during loop extrusion was determined by fitting a Gaussian to the
bead Z-positions as a function of applied turns. The peak position of
the fitted Gaussian before DNA loop extrusion Cpefore Was sub-
tracted from the peak position determined after the DNA loop
extrusion experiments C,ger which reflect the induced DNA twists
ALr = ATw = Cygier — Coefore in the unit of turns for each trace.

The statistical analyses comparing the DNA twist results for each
SMC and condition were conducted using one-way analysis of variance
(ANOVA) with a significance level a = 0.05 (95% confidence
interval).

Supplementary Materials
This PDF file includes:
Supplementary Methods
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