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PICH and TOP3A cooperate to induce positive

DNA supercoiling
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All known eukaryotic topoisomerases are only able to relieve torsional stress in DNA. Nevertheless, it has been proposed that
the introduction of positive DNA supercoiling is required for efficient sister-chromatid disjunction by Topoisomerase 2a during
mitosis. Here we identify a eukaryotic enzymatic activity that introduces torsional stress into DNA. We show that the human
Plk1-interacting checkpoint helicase (PICH) and Topoisomerase 3a proteins combine to create an extraordinarily high density
of positive DNA supercoiling. This activity, which is analogous to that of a reverse-gyrase, is apparently driven by the ability of
PICH to progressively extrude hypernegatively supercoiled DNA loops that are relaxed by Topoisomerase 3a. We propose that
this positive supercoiling provides an optimal substrate for the rapid disjunction of sister centromeres by Topoisomerase 2a at

the onset of anaphase in eukaryotic cells.

sarily associated with the generation of thousands of entan-

glements between sister chromatids. Faithful chromosome
segregation during anaphase requires that the two sister chromatids
be disjoined completely, a process driven by chromatin condensa-
tion initiated in early mitosis'. Despite the requirement for sister-
chromatid disjunction to be remarkably efficient, the discovery that
centromeric ultra-fine anaphase DNA bridges (UFBs) are present
in essentially every mitosis indicates that sister chromatids often
remain locally entangled (catenated) at the time of anaphase onset™’.
These entanglements, which can be induced strongly by exposure of
cells to the Topoisomerase 2a (Top2a) inhibitor, ICRF-193, consist of
intersister double-stranded DNA (dsDNA) catenanes that are con-
verted into UFBs once exposed to the pulling forces of the mitotic
spindle*. To prevent UFBs from disrupting timely sister-chromatid
disjunction, the bridge DNA must be decatenated rapidly by Top2a
following anaphase onset™”. The activity of Top2a is tightly regu-
lated at centromeres during mitosis®'’. Most notably, the introduc-
tion of positive DNA supercoiling during anaphase onset has been
shown to promote centromere decatenation in yeast''. Consistent
with this, positively supercoiled catenanes are the preferred sub-
strate for the decatenation activity of Top2a'>. The human PICH
protein is also critical for the processing of UFBs because it recog-
nizes DNA under tension at UFBs, recruits other DNA-processing
enzymes to UFBs and plays a central role in the metabolism of per-
sistent topological entanglements in anaphase>>*'*-'>, This dsSDNA
translocase was recently proposed to facilitate Top2a-mediated UFB
resolution in vivo®.

D ue to the double helical nature of DNA, replication is neces-

Results

PICH cooperates with the Topoisomerase 3a-Rmil-Rmi2 (TRR)
complex to induce positive DNA supercoiling. To understand
the mechanistic basis by which PICH facilitates UFB resolution by
Top2a, we hypothesized that it might stimulate Top2a activity by
influencing DNA topology. To study this, we first assayed the ability

of PICH to modify the topology of a negatively supercoiled plasmid
using two-dimensional (2D) gel electrophoresis (Fig. 1a). Not sur-
prisingly, PICH alone failed to modify the topology of the substrate
(Fig. 1b (panels 1 and 5)), because any change in DNA supercoiling
requires the activity of a topoisomerase'>"”. Amongst the DNA topoi-
somerases present in human cells, both Top2a and Topoisomerase
3a (Top3a) have been implicated in mitotic processes. While the role
of the former in chromosome condensation and sister-chromatid
decatenation is well documented, the mitotic function of Top3a has
remained a mystery"*>'®. Top3a forms an obligatory heterotrimeric
complex with Rmil and Rmi2, which we henceforth refer to as the
TRR complex". Since both Top2a and TRR are known to co-localize
with PICH on centromeric UFBs*®'*, we investigated whether PICH
might alter DNA topology in conjunction with one of these topoi-
somerases. Although PICH failed to influence the DNA relaxation
activity of Top2a (or Top1 as a control; Fig. 1b (panels 2, 3, 6 and 7)
and Supplementary Fig. 1a,b), a dramatic modification of the DNA
topology was observed when PICH was assayed in the presence of
TRR (Fig. 1b (panels 4 and 8) and Supplementary Fig. 1c,d). The
migration pattern of the reaction products, at the lower end of the
right branch of a 2D gel arc (Fig. 1b (panel 8)), indicated that the
combined activities of PICH and TRR resulted in the induction of
positive DNA supercoiling (Fig. 1a).

PICH and TRR introduce a high density of positive supercoiling.
The PICH-TRR reaction products were relaxed by wheat germ Top1
(wgTopl), a topoisomerase that can remove both positive and nega-
tive supercoils, while they were refractory to E. coli Topoisomerase 1
(ecTop1), which is specific for negative supercoils (Fig. 2a)'*"". These
results confirmed that the PICH-TRR reaction products consist of
positively supercoiled plasmid DNA species. However, these plasmids
could not be separated from one another even when electrophoresis
was performed in the presence of netropsin, a DNA ligand that permits
the resolution in agarose gel of plasmids with up to ten positive super-
coils (Fig. 2b and Methods). This suggested that PICH and TRR had
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Fig. 1| PICH cooperates with TRR to induce positive DNA supercoiling.
a, Top, schematic representation showing 2D gel migration pattern of
plasmids dependent on the degree (relaxed versus supercoiled) and
polarity (negative versus positive) of supercoiling. Bottom, 2D gels
showing the migration pattern of highly negatively supercoiled (-),
relaxed (Rel-) and positively supercoiled (+) plasmids. b, Representative
2D gels of reaction products resulting from the activities of 50 nM of
hTop1, hTop2a or TRR incubated alone (-) or in the presence of 50 nM
PICH. For each panel, representative images of at least three independent
experiments are presented. Each independent experiment led to

similar results.

introduced a high degree of positive supercoiling into the substrate
(>10supercoils per 2.7 kb plasmid; supercoiling density 6> 0.038). To
assess more precisely the degree of supercoiling generated by PICH
and TRR, we analyzed the reaction products using atomic force
microscopy (AFM). While relaxed plasmids are visualized as DNA
circles, supercoiled plasmids adopt a plectonemic conformation char-
acterized by the presence of synapses where two dsDNA segments are
tightly coiled around each other (Fig. 2c and Supplementary Fig. 2a,b).
In contrast to a positively supercoiled marker (+8supercoils per
2.7kb plasmid; supercoiling density 62 0.031), in which ~25% of the
dsDNA was engaged in plectonemes, the PICH-TRR reaction prod-
ucts appeared to be fully plectonemic (Fig. 2c and Supplementary
Fig. 2c). Examination of these highly compacted plasmids revealed
the presence of characteristic alternating peaks and valleys that cor-
respond to the crossings between two dsDNA segments within the
plectonemes (Fig. 2c and Supplementary Fig. 2d). By quantifying the
density of these peaks per plasmid molecule, we estimated the num-
ber of supercoils introduced by PICH-TRR to be as high as 25, which
corresponds to approximately one supercoil every 100base pairs
(bp) of this 2.7kb plasmid (6~0.1; Supplementary Fig. 2d). Taken
together, these results indicate that PICH and TRR cooperate to intro-
duce an impressively high density of positive supercoiling into DNA.
It is noteworthy that such a positive supercoiling activity was previ-
ously thought to be a unique signature of a class of enzymes called
reverse-gyrases, which have been characterized only in hyperther-
mophilic bacteria and archaea®. One noticeable difference, however,
is that the degree of supercoiling introduced by PICH and TRR far
exceeds that introduced by any known reverse-gyrase®'.

Evidence that supercoiling occurs via a translocation-dependent
mechanism. We next investigated the mechanism by which this
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Fig. 2 | PICH and TRR introduce a high density of positive supercoiling.

a, One-dimensional gel of the negatively supercoiled substrate (-) and

the PICH-TRR reaction products (Product) treated with Hindlll, the Bbvcl
nicking enzyme (Nb. Bb), ecTop1 or wgTop1. Nicked/linear (oc-lin), relaxed
(Rel-), negatively (-) and positively (+) supercoiled plasmids are shown as
markers. b, The electrophoretic mobility of the PICH-TRR reaction products
in comparison to a series of supercoiled markers ranging from fully

relaxed to highly positively supercoiled (Rel-; +4; +6; +8). Electrophoresis
was performed in either the absence (Neutral; left panel) or presence
(Netropsin; right panel) of netropsin to reveal variations of topology

within the positively supercoiled topoisomers. For each marker, a black

dot denotes the main topoisomer. The number of supercoils is indicated

at the top of each lane, while the corresponding superhelical density () is
indicated at the bottom (see Methods for further details). For each panel
in a,b, representative images of at least three independent experiments
are presented. Each independent experiment led to similar results.

¢, Representative AFM topographs of the PICH-TRR reaction product
(Product) in comparison to relaxed (Rel-) and positively supercoiled (+8
supercoiled (+)) markers. For each topological form, a zoomed image is
presented below. White arrowheads indicate the presence of height peaks
in the PICH-TRR product. Height scale bar is shown to the right. Scale bars,
100 nm. For each panel in ¢, images representative of at least 20 images
collected for three independent experiments are presented. Additional
representative images can be found in Supplementary Fig. 2.

apparent reverse-gyrase activity of human PICH and TRR could
lead to such dramatic positive supercoiling. In a DNA wrapping
model, which would be similar to supercoiling induced by nucleo-
somes and Condensin®, the wrapped DNA would adopt a positively
supercoiled (overwound) conformation leading to the introduction
of compensatory negative supercoils (underwound) in the unbound
DNA (Fig. 3a). Alternatively, and according to the twin-supercoiling
domain model, PICH translocation would cause a redistribution
of torsional stress in the DNA, leading to an accumulation of posi-
tive supercoils in front of the translocating protein and negative
supercoils behind (Fig. 3b)*. In both of these scenarios, the selec-
tive relaxation of the negative supercoils by TRR would result in
the introduction of positive supercoils (Supplementary Fig. 3a,b).
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Fig. 3 | Evidence that supercoiling occurs via a translocation-dependent mechanism. a,b, Schematic representation of potential models for PICH-mediated
positive supercoiling. PICH is depicted as a red circle, its translocation direction as a red arrow. Positive and negative torsional stresses induced by PICH
translocation are indicated by red + and - symbols in b. The symbols - and + indicate the topology of DNA segments resulting from PICH wrapping DNA
(a) or from PICH translocation (b). In b, a topological barrier induced by PICH is depicted as a connected red square. ¢, One-dimensional agarose gel
electrophoresis showing the requirement of both PICH and TRR catalytic activity for the introduction of positive supercoiling into DNA. For each protein,

wt denotes the catalytically active form while ka and yf denote catalytically inactive PICH (PICH 264 and TRR (Top3a¥*?’*-Rmi1-Rmi2), respectively. The
nucleotide included in the assay (ATP or AMP-PNP) is indicated above each lane. Electrophoresis was performed in the presence of chloroquine to reveal
variations in topology within the negatively supercoiled topoisomers. Open circular (oc), linear (lin), relaxed (Rel-), negatively (-) and positively (+)
supercoiled plasmids were used as markers. d, 2D gels of reaction products resulting from the activities of 50 units of wgTop1, 50 nM ecTop1 and 50 nM
ecTop3 incubated either alone (-) or in the presence of 50 nM PICH. For each panel in ¢,d, representative images of at least three independent experiments
are presented. Each independent experiment lead to similar results. e, Representative AFM topographs of open circular DNA incubated alone (substrate
(0c)) or in the presence of PICH (+PICH) and adenosine 5’-(y-thio)triphosphate (ATPyS). Cartoons depicting DNA conformation are shown below. PICH is
denoted as a red circle. Height scale bar is shown to the right. Scale bars, 100 nm. For each panel in e, images representative of at least ten images collected

for three independent experiments are presented. Additional representative images can be found in Supplementary Fig. 3.

We confirmed that positive supercoiling by PICH and TRR requires
PICH catalytic activity, as no supercoiling could be induced in the
absence of adenosine triphosphate (ATP) hydrolysis or when PICH
was substituted by an ATPase-dead variant, PICH*'?%* (Fig. 3c)".
While TRR was also required to be catalytically active in supporting
the PICH-mediated positive supercoiling reaction (Fig. 3¢), it could
be substituted by ecTop1 or ecTop3 but not by wgTopl (Fig. 3d and
Supplementary Fig. 3c-f). TRR, ecTopl and ecTop3 belong to the
type IA sub-family of DNA topoisomerases and share the character-
istic of being able to relax only negatively supercoiled DNA, while
type IB and type II topoisomerases such as wgTopl or Human-
Topl and Top2 can relax both positively and negatively supercoiled
DNA'S. For this reason, type IB and type II topoisomerases can
generate net positive supercoiling only when operating in the con-
text of a wrapping mechanism (Supplementary Fig. 3a,b). Hence,
the observation that all type IA topoisomerases (TRR, ecTopl and
ecTop3; Fig. 3d), but none of the type IB or type II topoisomer-
ases tested (wgTopl, hTopl and hTop2; Fig. 1b and Fig. 3d), could
support PICH-mediated supercoiling provides evidence for a trans-
location-dependent supercoiling model rather than a DNA wrap-
ping model (Supplementary Fig. 3a,b). Furthermore, these results
suggest that the intrinsic supercoiling discrimination of TRR relax-
ation activity, rather than a strict requirement for the occurrence
of a physical interaction between PICH and TRR, underlies PICH-
TRR-mediated positive supercoiling.

Unusually for a topoisomerase, the substrate of both TRR
and ecTop3 is required to be partially single-stranded (termed
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hypernegatively supercoiled) to perform efficient topological con-
version, a property that accounts for their poor relaxation activ-
ity on regular plasmid DNA that contains only a moderate level
of negative supercoiling (Supplementary Fig. 3e,f)**°. Hence, the
ability of PICH to stimulate the topoisomerase activity of TRR
(and ecTop3) suggests that the density of negative supercoiling
induced by its translocation would be sufficient to promote the for-
mation of hypernegatively supercoiled DNA. However, any nega-
tive supercoils generated behind a translocase should be canceled
out by the equal number of positive supercoils generated ahead,
leading to no alteration in net topology (Fig. 3b, Translocation).
This prompted us to speculate that PICH must possess the abil-
ity to create a topological barrier that enables the partitioning of
positive and negative supercoils into two topologically isolated
domains (Fig. 3b, Translocation + topological barrier). In line with
this hypothesis, AFM imaging of nicked circular DNA molecules
revealed that PICH generated localized supercoiled domains in
otherwise relaxed plasmids (Fig. 3e and Supplementary Fig. 3g).
This is consistent with the formation of two topologically isolated
domains, one of which is constrained within a loop of DNA while
the other is relaxed due to the presence of the nick in the substrate.
The increased height observed at the stem of these DNA loops is
consistent with the presence of PICH at the boundaries between
these topological domains (Fig. 3e and Supplementary Fig. 3g), and
suggests either that PICH catalyzes the de novo formation of DNA
loops or that it stabilizes pre-existing loops by binding two distal
dsDNA segments.
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Fig. 4 | Evidence that PICH exhibits a DNA loop-extrusion activity.

a, Representative trace showing the temporal variation in DNA extension
observed in the presence of PICH at a force of 2 pN on nicked DNA
molecules, before or following the injection of ATP into the flow cell
(denoted by a red arrow). This trace is representative of at least 30 traces
observed on multiple independent molecules and recorded during at least
three independent experiments. b, Explanatory diagram showing the steps
leading to PICH-mediated changes in DNA extension observed on nicked
DNA molecules. PICH is depicted by red circles, and its translocation
direction by red arrows. ¢, Representative trace showing temporal changes
in DNA extension observed in the presence of PICH and ATP, on a nicked
DNA molecule and at a force of 2 pN. These events are representative of
at least 1,000 events observed on multiple independent molecules and
recorded during at least three independent experiments. d, Histogram

of velocity of events observed on nicked DNA molecules and at a force

of 2pN (n=2,273 events; bin size=2nms™; errors bars are statistical
errors). Gaussian fit and average and standard deviation are indicated

in red. e, Influence of force on the velocity of events observed on nicked
DNA molecules. As in d, the histogram was fitted to a Gaussian whose fit
parameters and average and standard deviation are plotted in this graph
(n=75events at 0.5pN; n=410events at 1pN; n=2,273 events at 2pN;
n=522events at 4 pN; n=135events at 6 pN; n=227 events at 8 pN).
Additional representative traces can be found in Supplementary Fig. 4.
Source data for d and e are available online.

Evidence for PICH possessing a DNA loop-extrusion activity.
To investigate whether PICH might catalyze DNA loop formation,
we analyzed its translocation activity using magnetic tweezers. This
single-molecule technique permits real-time monitoring of the
ability of a protein to alter the extension of tethered DNA mole-
cules (Supplementary Fig. 4a)”’. We first investigated the activity
of PICH on a nicked linear duplex. While a conventional dsDNA
translocase would not be expected to influence the structure of this
molecule, PICH clearly shortened the length of the DNA in an ATP-
dependent manner (Fig. 4a). In a nicked DNA molecule, the most
plausible mechanism by which DNA length could be shortened

by a translocase is via the generation of a DNA loop (Fig. 4b). In
agreement with this interpretation, the activity of PICH generated
characteristic events where a smooth and progressive shortening
of the dsDNA was followed by near instantaneous reversion to its
initial length, the latter process being attributed to release of the
loop (Fig. 4b,c and Supplementary Fig. 4b). It is noteworthy that
no evidence of any stepwise events could be observed, as might be
expected if PICH were to modulate DNA length via a wrapping
mechanism. However, these findings do not exclude the possibil-
ity that PICH mediates wrapping because the magnitude of such
steps might be below our detection limit. Nevertheless our findings
are most consistent with PICH exhibiting a loop-extrusion activity
capable of catalyzing both the priming and the elongation of a DNA
loop from an otherwise linear molecule. Assuming that the pro-
posed loop-extrusion model were correct, the rate of DNA shorten-
ing would reflect the velocity at which PICH extrudes a loop. Hence,
at an applied force of 2 piconewtons (pN), we estimated that PICH
would extrude loops at 82+31bps™ (24.4+9.3nms™) and with a
processivity of 107 +25bp per event (32.5nm per event; Fig. 4d and
Supplementary Fig. 4c). The apparent loop-extrusion activity of
PICH was still observed at a force of 8 pN, indicating that PICH can
counteract substantial forces (Fig. 4e and Supplementary Fig. 4d). At
8pN, the velocity of loop extrusion was calculated as 31 +16bps™!
(10.1 £5.2nms™; Fig. 4e), which is similar to the velocity of PICH
translocation calculated previously from optical tweezer studies’.

PICH induces torsional DNA stress redistribution. To analyze
whether PICH might catalyze the expansion of a pre-existing loop in
the DNA substrate, we monitored its activity on intact (non-nicked)
dsDNA molecules in whichloops (plectonemes) could be introduced
by rotation of the magnets (+100turns) (Supplementary Fig. 4e).
Many of the events observed on these supercoiled molecules were
similar to those observed on nicked DNA, except that the rate of
shortening was substantially faster (Fig. 5a,b). We propose that
this reflects the influence of PICH on the degree of supercoiling of
the DNA segments located outside of an extruded loop, indicating
that PICH translocation would be associated with DNA torsional
stress redistribution (Fig. 5a). Indeed, on these ‘coilable’ molecules
(in contrast to nicked substrates) the torsional stress redistribution
associated with the loop extrusion would be expected to induce the
formation of supercoils, contributing to DNA shortening at a rate
of ~30 nm per positive supercoil generated (at 2 pN; Supplementary
Fig. 4f). Another class of events observed with supercoiled mol-
ecules was the progressive elongation of the DNA, followed by a
recovery to its initial length after a rapid shortening step (Fig. 5¢,d
and Supplementary Fig. 4f). These are essentially a mirror image
of the events discussed above, and further support the contention
that PICH induces torsional stress redistribution while translocat-
ing at the stem of a DNA loop. Indeed, these events most prob-
ably result from PICH having translocated towards the apex of a
pre-existing loop, leading to an increase in positive supercoiling
within the loop (ahead of PICH) and a progressive relaxation of
the rest of the molecule (behind PICH) (Fig. 5c). This observa-
tion is consistent with PICH not only priming its own loops, but
also being able to associate with two distal sites on DNA that have
been brought into close proximity by DNA supercoiling. From the
observed velocity in both classes of events (137 + 50 nms™; Fig. 5e),
and assuming that the translocation velocity on nicked and super-
coiled DNA substrates is very similar, we estimated that PICH
induces 4.7 + 1.7 supercoilss™ at 2 pN. Taken together, these data
indicate that PICH exhibits a robust coupling between its transloca-
tion and torsional stress redistribution activities, as we estimate that
PICH introduces one positive supercoil ahead (and one negative
supercoil behind) per 17 +9bp translocated (Fig. 5f). Further work
will be required to understand the detailed mechanistic basis for
such potent translocation-associated torsional stress redistribution,
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Fig. 5 | Evidence that PICH induces DNA torsional stress redistribution.
a, Explanatory diagram showing how the ability of PICH to induce torsional
stress redistribution leads to the shortening events observed on coiled
DNA molecules. PICH is depicted by red circles and its translocation
direction by a red arrow. Positive torsional stress and negative torsional
stress induced by PICH translocation are indicated by red + and - symbols.
The topology of each DNA segment is indicated by (rel-), (+) or (++).

b, Representative trace of DNA shortening events observed in the presence
of PICH and ATP, on coiled DNA molecules (+100 turns) and at a force

of 2 pN. These events are representative of at least 300 events observed
on multiple independent molecules and recorded during at least three
independent experiments. The topology of each DNA segment is indicated
by (rel-), (+) or (++). ¢, Explanatory diagram showing how the ability of
PICH to induce torsional stress redistribution led to the elongation events
observed on coiled DNA molecules. PICH is depicted by red circles, and

its translocation direction as a red arrow. Positive torsional stress and
negative torsional stress induced by PICH translocation are indicated by
red + and - symbols. d, Representative trace of DNA elongation events
observed in the presence of PICH and ATP, on coiled DNA molecules and
at a force of 2 pN. These events are representative of at least 300 events
observed on multiple independent molecules and recorded during at

least three independent experiments. e, Histogram of velocity of events
observed on coiled (+100 turns) DNA molecules, at a force of 2 pN
(n=280events; bin size=15nms™; errors bars are statistical errors);
Gaussian fit average and standard deviation are indicated in red. f, Cartoon
summarizing the measured velocity of PICH loop-extrusion activity and its
associated torsional stress redistribution activity. sc, supercoils. Additional
representative traces can be found in Supplementary Fig. 4. Source data
for e are available online.

as well as to improve the accuracy of our measurement of the trans-
location-supercoiling coupling.

These results provide a mechanistic characterization of the
positive supercoiling activity catalyzed by the combined actions of
PICH and TRR (Fig. 6). By combining DNA loop extrusion with
a strong redistribution of torsional stress, we propose that PICH
generates topologically constrained loops with an extreme deficit
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into DNA. PICH and TRR are represented in red and blue, respectively. We
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loop extrusion. If correct, this model implies that PICH translocation must
be associated with torsional stress redistribution such that the extruded
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molecule is positively supercoiled (1). The topology of the loop would then
favor dsDNA melting, allowing TRR to relax the hypernegatively supercoiled
loop (2). Release of the loop by PICH dissociation would leave the DNA
with a net increase in DNA linking number, and enable recycling of the
enzymes (3). Rel-, (+) and (-) indicate the topology of the DNA segments.
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in linking number (estimated to be one negative supercoil for
every 17 +9bp translocated; o~ —0.6 +0.3; Fig. 5f). At such a high
density of negative supercoiling, any DNA loop would be almost
denatured and thereby represent the optimal, hypernegatively
supercoiled substrate required for relaxation by TRR*, which
would then lead to the introduction of net positive supercoiling
in the plasmid after loop release. This mechanism of action would
enable the cycle to be repeated further, irrespective of the initial
supercoiling status of the substrate, which may explain the extreme
density of positive supercoils achieved by PICH and TRR. Hence,
PICH appears to be ideally suited to synergize with TRR for the
introduction of positive supercoiling.

TRR facilitates UFB decatenation by Top2a. PICH is known to
play a critical role in the maintenance of genomic stability, and has
recently been suggested to facilitate decatenation of UFBs that per-
sist between each sister centromere at anaphase onset’. However,
the molecular basis for such a role has remained elusive. Because
PICH and TRR introduce positive supercoiling into DNA, and
positive supercoiling is known to facilitate sister-chromatid disjunc-
tion, we propose that PICH and TRR combine in mitosis to pro-
mote Top2a-mediated decatenation of centromeric UFBs (Fig. 7a).
Evidence to support this includes the following. (1) PICH directly
recruits TRR to UFBs'>'*, (2) PICH is required for rapid resolu-
tion of centromeric UFBs by Top2a®. (3) The decatenation activity
of Top2a has been demonstrated to be more efficient on positively
supercoiled catenanes'"'>. A strong prediction of our model is that
TRR would also facilitate the decatenation of centromeric UFBs by
Top2a. To test this prediction, we quantified the level of UFBs in a
‘degron’ cell line in which Top3a protein can be depleted through
auxin-mediated degradation (Fig. 7b,c and Supplementary Fig. 5a;
uncropped blot images are shown in Supplementary Dataset 1)*.
To evaluate the role of Top3a in UFB resolution during anaphase,
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Fig. 7 | TRR facilitates UFB decatenation by Top2a. a, Model for the function of PICH-TRR-mediated positive supercoiling in facilitating resolution of
centromeric UFBs by stimulating Top2a decatenation activity. Auxin drives TRR degradation while ICRF-193 inhibits Top2a. b, Experimental workflow
used to deplete Top3a specifically in metaphase to investigate its contribution to UFB decatenation in anaphase. ¢, Immunoblot of Top3a, PICH and Top2a
in metaphase-arrested HCT116-Top3a*"P cells incubated for 3h in either the absence (-) or presence (+) of auxin. Uncropped blot images are shown in
Supplementary Dataset 1. d, Representative immunofluorescence images of HCT116-Top3a*P cells following Top3a depletion (+auxin) in cells progressing
through anaphase in either the absence or presence of 100 nM ICRF-193. UFBs are marked by PICH (blue). Scale bar, 10 um. Representative images of at
least 20 images collected for three independent replicates are presented. e, Quantification of the number of UFBs in cells exposed (red bars) or not (gray
bars) to auxin resulting in Top3a depletion. Cells were treated with solvent (-) or either 50 or 100 nM ICRF-193, as indicated below. Error bars denote the
standard deviation of three independent replicates (n=80 cells per replicate). f, Representative immunofluorescence images of HCT116-Top3a*"P cells
following Top3a depletion (+auxin) in cells progressing through anaphase in the absence of ICRF-193. UFBs are marked by PICH (blue) and centromeres
are marked by CREST (red). The zoomed images show CREST-positive staining at the tips of UFBs. Scale bar, 10 um. Additional representative images and
quantification can be found in Supplementary Fig. 5. Source data for e are available online.

we degraded Top3a in metaphase-arrested cells after chromosome
condensation had occurred (Fig. 7b). We observed that loss of
Top3a resulted in an increase in the frequency of centromeric UFBs
persisting into late anaphase, an effect that was exacerbated when
cells were released into anaphase in the presence of the Top2a inhib-
itor ICRF-193, indicating that decatenation of centromeric UFBs is
impaired in cells depleted for Top3a (Fig. 7d-f and Supplementary
Fig. 5). These data indicate that, as shown for PICH", Top3a serves
to facilitate the timely decatenation of centromeric UFBs by Top2a.

Discussion

In this study, we show that the human proteins PICH and TRR syn-
ergistically cooperate to catalyze the introduction of a high density
of positive supercoiling into DNA. PICH-TRR thereby constitute a
eukaryotic reverse-gyrase, which until has been considered a hall-
mark of hyperthermophilic organisms. Interestingly, archetypal
reverse-gyrases resemble PICH and TRR in that these are chimeric
proteins in which a type IA topoisomerase domain is fused to an
ATPase domain of the SF2 helicase family*.

The activity of PICH-TRR is apparently mediated by the abil-
ity of PICH to extrude hypernegatively supercoiled DNA loops.
Such a loop-extrusion activity would imply that a functional unit
of PICH must exhibit at least two contact points with DNA. These
contact points might be provided by two independent DNA bind-
ing sites in each PICH monomer, or alternatively by PICH act-
ing as a dimer or multimer. Although PICH is largely monomeric
in solution and when bound to dsDNA, it is also known to form
dimers'. We have shown that TRR could be substituted by other

type IA topoisomerases, indicating that the physical interaction
between PICH and TRR is not necessary for reverse-gyrase activ-
ity in vitro. Nevertheless, PICH does interact with TRR in mitotic
human cells and in vitro, which probably enhances the degree to
which their respective biochemical activities are coordinated in
vivo'>!. Further characterization of the physical association of
PICH and TRR will enable greater understanding of synergistic
cooperation of a SF2 ATPase and a type IA topoisomerase, and to
fully understand the precise molecular mechanism underlying this
reverse-gyrase activity.

It is worth noting that other SF2 members, such as yeast Rdh54,
are able to extrude DNA loops, suggesting that loop extrusion is a
conserved property of at least a subset of SF2 family members®-'.
Condensin has also recently been demonstrated to catalyze loop
extrusion, and to interact preferentially with and to stabilize posi-
tively supercoiled DNA*>*2. However, there are some important dis-
tinctions between the action of Condensin and that of PICH-TRR.
Most notably, Condensin extrudes DNA loops extremely rapidly,
but weakly, in that its ability is strongly impaired when forces above
0.6 pN are applied to the DNA. These properties would appear to be
best suited to the rapid, genome-wide introduction of chromosome
compaction in the early stages of mitosis. Loop extrusion by PICH
is much slower, but is more powerful, being able to resist forces at
least tenfold higher than those that disable Condensin. We suggest
that these properties are appropriate for an enzyme that acts at a
very limited number of loci where the DNA is under tension, as
would be found at sites where UFBs are being generated at the
metaphase—anaphase transition.
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The presence of a reverse-gyrase-like activity in human cells

inevitably raises the question of the function of positive supercoil-
ing in non-hyperthermophilic organisms. The activity of PICH-
TRR is probably restricted to mitosis, given that PICH accesses
chromatin only after nuclear envelope breakdown in prometa-
phase’. We propose that the positive supercoiling activity of PICH
and TRR assists Top2a in the timely resolution of the persistent cat-
enanes at UFBs. Such an activity might also be important to coun-
teract the effect of tension on DNA melting at UFBs*. Because
DNA supercoiling directly influences the dynamics of the opening
and closing of the DNA double helix, it can play critical roles in
essentially all aspects of DNA metabolism. It is tempting to specu-
late that other topoisomerase-containing protein complexes might
promote positive supercoiling at specific loci and different stages
of the cell cycle in an analogous manner. The identification of new
factors influencing localized DNA supercoiling, as well as a deter-
mination of their contribution to specific aspects of DNA metabo-
lism, will require the development of new methodologies enabling
high-resolution detection of the entire range of DNA supercoiling
states in vivo™.

The results presented here may have implications for our under-

standing of the molecular basis of both tumorigenesis and patholog-
ical embryonic development. For example, a common mechanism
for the development of aneuploidy during cancer development is
through the creation of an unstable tetraploid cell intermediate that
then chaotically mis-segregates chromosomes™*. Defective UFB
resolution, which occurs in cells defective in either PICH or Top3a,
has been shown to trigger cytokinesis failure and the formation of
tetraploid cell progeny®. Moreover, several individuals displaying
primordial dwarfism and severe microcephaly have been identified
recently as containing hypomorphic mutations in TOP3A. It will
be of interest to investigate whether these mutations alter the abil-
ity of Top3a to catalyze positive DNA supercoiling in conjunction
with PICH.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
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Methods

Ensemble biochemistry. All gels presented are representative examples of at least
three independent experiments.

Proteins. Human Top3a-Rmil-Rmi2 were co-expressed in E. coli and purified as a
complex, as described previously". PICH-green fluorescent protein was purified as
described previously". All results were reproduced using at least two independent
purified protein preparations. ecTop1 was purchased from NEB (No. M0301); ecTop3
was a kind gift from S. Kowalczykowski (University of California, Davis). Purified
recombinant Human-Top1 was purchased from Inspiralis (No. HT105), Human-Top2a
from Topogen (No. TG2000H-1) and Wheat Germ Top1 from Promega (No. M285).

DNA substrates and markers. The substrate used was pBizl (2,686 bp), which

is a derivative of pUC19 in which a Nt/Nb-Bbvcl nicking site was introduced
between the Xbal and BamHI restriction sites. Plasmid DNA was prepared using
a mini-prep kit (Qiagen). Open circular, linear and relaxed DNA markers were
obtained by incubating negatively supercoiled pBizl1 in the presence of Nb-BbvcI,
HindIII and ecTopl, respectively, according to the manufacturer’s instructions.
The positively supercoiled marker was obtained by treating negatively supercoiled
pBizl with Archaeoglobus fulgidus reverse-gyrase at 90 °C for 15 min in a buffer
containing 35 mM Tris-HCI, pH 7.4, 3 mM MgCl,, 60 mM NaCl, 20% glycerol,

1 mM dithiothreitol and 2 mM ATP*.

Differentially positively supercoiled markers. The differentially positively
supercoiled markers used in Fig. 2b were obtained by treating negatively
supercoiled pBizl with A. fulgidus reverse-gyrase at 80 °C (relaxed), 86 °C (+4),
88°C (+6) and 90°C (+8) for 15min in a buffer containing 35 mM Tris-HCI, pH
7.4, 3mM MgCl,, 60 mM NacCl, 20% glycerol, 1 mM dithiothreitol and 2 mM ATP.
For each of these markers, the number of positive supercoils was estimated by
counting the difference in the number of topoisomers in the major DNA species
in each case from that of the fully relaxed marker (Fig. 2b). For this analysis, all
markers were analyzed alongside each other on the same agarose gel. To separate
plasmids containing more than six positive supercoils, the various different
markers were analyzed on gels run in the presence of netropsin. This minor-groove
DNA-binding molecule decreases DNA helical pitch, leading to an increase in
twist and a decrease in writhe of covalently closed plasmids, thereby enabling the
separation of plasmids with six to ten positive supercoils from one another during
agarose gel electrophoresis, as shown in Fig. 2b*.

Superhelical density (6) calculation. The superhelical density (¢) was calculated
according to the following formula: 6 = ALk / Lk0, where Lk is the linking
number, ALKk is the number of supercoils and LkO is the linking number of a
relaxed plasmid. LkO was determined by the following formula: LkO=N/h, where
N=2,686bp and h=10.3bp per turn.

Topoisomerase assays. Proteins were incubated at 37°C for 15min in the presence

of 60 ng negatively supercoiled pBizl1 in a buffer containing 35mM Tris-HC, pH

7.4, 3mM MgCl,, 60mM NaCl, 20% glycerol and 1 mM dithiothreitol. Unless

stated otherwise, assays were performed in the presence of 2mM ATP and an ATP-
regenerating system (1 unit of phospho-creatine-kinase and 20 mM phospho-creatine).

Purification of reaction products. Reactions were performed as described above,
with the exception that they were terminated by the addition of 0.5% (final) SDS
on ice. Protein-SDS complexes were precipitated by the addition of 50 mM KCl.
After 15min incubation at —20 °C, protein-SDS-KCIl precipitates were harvested
by centrifugation at 21,000 g for 15min at 4 °C. Protein-free supernatants were then
transferred in a fresh tube, and DNA was precipitated by the addition of 250 mM
potassium acetate and two volumes of absolute ethanol. After 30 min at —20°C, the
DNA was harvested by centrifugation at 21,000 g for 30 min at 4 °C. Pellets were
washed twice with cold 70% ethanol and air-dried. DNA was re-dissolved in TE
buffer (10 mM Tris-HCL, pH 7.5, 0.1 mM EDTA).

Agarose gel electrophoresis and Southern blotting. One-dimensional
electrophoresis was performed in 1.2% agarose gels prepared with X0.5 Tris-
borate-EDTA (TBE) buffer and run in X0.5 TBE in either the absence (neutral)
or presence of 1.8 ugml! chloroquine or 15uM netropsin at 1 voltcm™ for 15h.
For 2D electrophoresis, the first dimension was performed in X0.5 TBE buffer at
3voltem™ for 4h. The gel was then turned through 90° and soaked for 20-30 min
in fresh X0.5 TBE buffer supplemented with 2 ugml™ chloroquine, and run at
Ivoltem™ for 15h. After electrophoresis, gels were transferred to nitrocellulose
membranes followed by hybridization with linearized pBiz1 radiolabeled with
*P-dCTP using a random priming procedure (Ready prime).

Atomic force microscopy. Sample preparation. Relaxed (Fig. 2 and Supplementary
Fig. 2) and open circular (Fig. 3 and Supplementary Fig. 3) substrates were obtained
by incubating negatively supercoiled pBiz1 with ecTop1 and Nb-BbvcI, respectively,
according to the manufacturer’s instructions. The DNA was purified using PCR
clean-up columns (Qiagen). Reaction products (Fig. 2 and Supplementary Fig. 2)
were obtained as described above (reaction product purification), except that a
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relaxed pBizl plasmid was used as a substrate. Plasmid DNA (2 ng) was diluted into
10 ul deposition buffer (10 mM Hepes, pH 8.0, 10 mM MgCl,) and adsorbed onto a
freshly cleaved mica surface for 2 min at room temperature. The surface was washed
with four drops of fresh MilliQ Ultra-Pure water and then dried under a mild flow
of nitrogen. It should be mentioned that any negatively or positively supercoiled
plasmids adopt a synaptic rather than a loose plectonemic conformation when
adsorbed on the mica surface using our methodology.

For the preparation of DNA-protein complexes (Fig. 3 and Supplementary
Fig. 3), PICH was incubated in the presence of an open circular (nicked) pBizl
substrate and 2mM ATPYS for 10 min at 37 °C as described above (topoisomerase
assay). ATPyS was used to increase the frequency of the events that could be
scored. Similar events could be observed in the presence of ATP, but at a lower
frequency. After 10 min, paraformaldehyde (1% final, Sigma) was added and
reaction mixtures were incubated at room temperature for 2min. DNA cross-
linking was terminated by diluting the reaction mixture into 20 volumes of cold
deposition buffer. Samples were stored at —80°C in aliquots until analysis. Reaction
mixture (10 ul) was adsorbed onto a freshly cleaved mica surface for 2 min at room
temperature. The surface was washed with four drops of fresh MilliQ Ultra-Pure
water and then dried under a mild flow of nitrogen.

AFM apparatus. The AFM images where recorded on a Cypher from Asylum
Research (Now Oxford Instruments) running in AC mode using OMCL-AC240TS
from Olympus tips (nominal spring constant, 2nNnm, and resonance frequency,
70kHz). The images where recorded under ambient conditions using a scan rate of
1-2Hz and a resolution of 512X 512.

Image processing. Images were flattened using specific AFM routines developed
by Asylum Research on the Igor software platform and exported as .tiff files for
further processing in Fiji.

Magnetic tweezers. The preparation of the DNA substrates was described in detail
previously”’. The DNA used in the experiments, pFX357, is 17kb. The DNA was
bound between a super-paramagnetic bead (1 pm) covered with streptavidin
(MyOne T1 beads, ThermoFisher) and a glass surface covered by adsorbed anti-
digoxin (Jackson Immunoresearch). Magnets placed above the sample are able to
exert a force and a torque on the magnets to pull and rotate the DNA molecules.
The x,y,z positions of individual beads are tracked at 30 imagess™ with an IDS pEye
camera (No. UI-3770CP-M-GL) and a custom-made program (gift of V. Croquette,
ENS Paris). The force that could be applied was 8 pN. Following rotation at
constant force (2 pN) the difference between coilable and nicked beads appeared

as shown in Supplementary Fig. 4e and as described previously”. On average, the
coilable molecules contained 29 nm per turn at a force of 2 pN.

Single-molecule assay. PICH activity was assayed in a buffer containing 20 mM
Hepes, pH 7.4, 0.2%bovine serum albumin, 0.2% pluronic, 2mM MgCl,, 80 mM
NaCl and 1 mM dithiothreitol. Unless stated otherwise, the reaction buffer was
supplemented with 2mM ATP. The PICH concentration used in this study was
adjusted to optimize the observation of single-molecule events. Typically, these
events could be observed at 10nM PICH on nicked DNA molecules, and at 3nM
PICH on coiled DNA molecules.

The z-position gives the extension of the molecule. The beginning and end points
of events were operator selected based on the criteria given in the main text (events
interpreted as corresponding to single-molecule events included a progressive and
constant contraction or elongation from initial molecule length followed by full and
instantaneous recovery of the initial molecule length). On coiled molecules, complex
signals interpreted as corresponding to multiple PICH loop-extruding units acting
simultaneously were frequently observed. These events were systematically excluded
from the analysis. The average slopes give the speed of the events, while the differences
in height give the processivity. Speed histograms were fitted with a Gaussian. Error bars
given in the text are the standard deviation of Gaussian fits. Processivity histograms
were fitted with an exponential after the removal of the smallest processivity points
(as it is difficult to select very short events given the noise in the molecule extension).
Error bars in histograms are statistical errors and are used for the fits.

For estimation of the translocation velocity, the conversion from nms™' to bps
takes into account the worm-like chain model, as the extension of stretched DNA
depends on the force.

The worm-like chain values for conversion factors are:

Force (pN) Length / initial length (1 /1_0)
0.5 0.8

1 0.86

2 0.89

4 0.92

6 0.94

8 0.95

For an estimation of the supercoiling velocity, 30 nm per supercoil was used as
a conversion factor. Both types of event described in Fig. 5 were used to estimate
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the supercoiling velocity, because the supercoiling velocities measured in each case
were not significantly different.

Cell biology. Cell lines and cell culture. HCT116-Top3a*”® consisted of HCT116 cells
expressing TIR1 under a doxycycline-inducible promoter in which the endogenous
Top3a coding sequences were replaced with those expressing Top3'°. The control cell
line (designated 430) consisted of HCT116 cells expressing TIR1 under a doxycycline-
inducible promoter. Both cell lines were a kind gift of M.T. Kanemaki, and were
maintained in DMEM supplemented with 10% fetal bovine serum in a humidified
atmosphere containing 5% CO,. Cells were regularly tested for mycoplasmal
contamination and were shown to be negative. Cell lines were not authenticated.

Synchronization and fixation. Asynchronously growing HCT116-Top3a*'™

cells were synchronized in G1 using 20 uM lovastatin (Selleckchem) for

24h". Cells were released from lovastatin in the presence of 2nM mevalonate
(Mevalonolactone, Sigma) and 1 pgml doxycycline (Sigma), to induce TIR1
expression, and 30 ug ml™' nocodazole (Sigma) to arrest cells in prometaphase.
After 20 h, mitotic cells were shaken off and reseeded on poly-L-lysine (Sigma)-
coated coverslips in medium containing mevalonate, doxycycline and nocodazole.
Where indicated, 100 ugml-! indole-3-acetic acid (Auxin, Abcam) was added to
the medium and cells were incubated for a further 3h to enable degradation of
Top3a*'P. Cells were washed three times for 5min and released into anaphase in
pre-warmed medium supplemented with doxycycline and auxin. Where indicated,
50 or 100 nM of ICRF-193 (Sigma) was added to the medium after release. After
30min, cells were fixed and stained as described previously”. After incubation with
primary and secondary antibodies, cells were stained with DAPI and mounted
using DAPI-free Vectashield mounting medium (Vector laboratories, No. H-1000).
Images were acquired using an Olympus BX63 microscope and processed in Fiji.

Immunoblotting. Immunoblotting was performed according to standard procedures,
with whole-cell extracts prepared using RIPA (radioimmunoprecipitation assay)
buffer on cells synchronized and treated with auxin as described above.

UFB quantification. For each condition, PICH-positive UFBs were counted in
80 cells in late anaphase (anaphase B). Quantification was performed using three
biological replicates.

Antibodies. For immunofluorescence we used purified guinea pig anti-PICH
antibody (in-house No. 12239, diluted 1/800); CREST (Immunovision No. HCT-
0100, diluted 1/200); goat anti-guinea pig 488 (AlexaFluor No. A11073, diluted
1/500); and goat anti-human 568 (AlexaFluor No. A21090, diluted 1/500). For
immunoblotting we used purified guinea pig anti-PICH antibody (in-house No.
12239, diluted 1/500); rabbit anti-Top3a antibody (in-house No. D6, dilution
1/500); mouse anti-Top2a (Topogen No. TG2011-1); mouse anti-tubulin (Abcam
No. ab18251); and horseradish peroxidase-coupled IgG (Sigma: anti-mouse, No.
A4416; anti-rabbit, No. A6667; anti-guinea pig, No. A7289).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Source data for Figs. 4d,e, 5¢ and 7e are available with the paper online.
Other datasets and materials generated and analyzed during the current
study are available from the corresponding author upon reasonable request.

Code availability
The custom-made program used to operate the tweezers and analyze the data can
be obtained upon request to V. Croquette (ENS Paris).
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Software and code

Policy information about availability of computer code

Data collection Typhoon FLA 7000 control software (Ensemble Biochemistry), Custom-made program (Gift of V. Croquette, ENS PARIS; Magnetic
tweezers), Igor (AFM),

Data analysis Fiji (Ensemble biochemistry and AFM); Graphpad Prism (Cellular biology) Igor (AFM); Custom-made program (Gift of V. Croquette, ENS
PARIS; Magnetic tweezers)
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Source data for Fig. 4d,e, Fig. Se, Fig. 7e are available with the paper online. Other datasets and materials generated and analysed during the current study are
available from the corresponding author on reasonable request.
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Sample size All biochemical experiments were repeated at least 3-5 times. We verified that different protein batches yield reproducibly similar data. These
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All single-molecule data were based on at least75 independent measurements (i.e. different events), most often measured on at least three
independent experiments, conducted on a different day and with fresh buffers. Additionally, we verified that different protein batches yield
reproducibly similar data.
AFM data were based on at least 3 independent experiments (i. e. different slides, with different protein and/DNA preparation, prepared on
different days).
Cellular biology experiments were repeated 3 times (biological replicates) and 45 anaphase cells were quantified for each replicate. These are
typical repetition numbers for in vitro studies.

Data exclusions  For Magnetic tweezers experiments, complex events, corresponding to more than one enzyme acting simultaneously and independently on
the same DNA molecule were excluded. This exclusion criteria was per-established.
Otherwise, we did not exclude data from our analysis.

Replication All single-molecule data were based on at least 75 independent measurements (i.e. different events), measured on at least three independent
experiments.
All biochemical experiments were repeated at least three times with at least 2 different recombinant protein preparations.
All cellular biology data were based on at least 135 anaphase cells measured on three Independent biological replicates.

Randomization  We were conducting an in vitro study were grouping or randomization of samples were not necessary.

Blinding Biochemistry and single molecule experiments were not blinded.
Cellular biology experiments were not blinded. However, each biological replicates was quantified twice, on different days and using 2
different slides (these quantifications gave nearly identical results).
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Unigue biological materials

Policy information about availability of materials

Obtaining unique materials  All materials used in the study are available from us or from commercial providers.

Antibodies

Antibodies used PICH (in-house, raised in a guinea pig and Millipore,04-1540); CREST (Immunovision HCT-0100); rabbit-anti-Top3a antibody
(Aventis Pharma, D6 ); a mouse-anti-Top2a (Topogen, TG2011-1); and mouse-anti-tubulin (Abcam, ab18251)

Validation PICH in house: Nielsen, C. F. et al. PICH promotes sister chromatid disjunction and co-operates with topoisomerase Il in mitosis.
Nat Commun 6, doi:ARTN 896210.1038/ncomms9962 (2015).
Validation of the commercial antibodies are available on their website.
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Policy information about cell lines

Cell line source(s) colon carcinoma (HCT116) are all generally available.
Authentication Cell lines were not authenticated
Mycoplasma contamination All cell lines were tested negative for mycoplasma contamination.
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