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Figure S1. Bulk supercoil relaxation activity of topo Ila. The enzyme at the indicated
concentration was incubated with 5 nM pBR322 plasmid (negatively supercoiled) and 1 mM
ATP (unless indicated otherwise) for the indicated time at 37°C in 20 uL of buffer B for bulk
assay or buffer M for microscopy. Buffer B was the base buffer described in the main text
(10 mM Tris pH 7.9, 100 mM NacCl, 50 mM KCI, 5mM MgCl,, 0.1 mM EDTA) containing,
in addition, 0.1 mg/mL BSA. For buffer M, the base buffer was supplemented with 5 mM
DTT, 0.1 mg/mL dimethylated casein, 0.2 % Tween-20, and 800,000-fold dilution of SYBR
Gold. The reaction was started by the addition of 1 uL of the enzyme diluted in buffer B
containing 0.5 mM DTT, and terminated by the addition of 2 pL of 5% SDS and 100 mM
EDTA. Samples were mixed with 2 pL of gel loading buffer (50% glycerol, 0.9% SDS,
0.05% Bromophenol Blue), heated at 70°C for 2 min, subjected to electrophoresis in a 1%
agarose gel in 90 mM Tris-borate pH 8.4 and 2 mM EDTA, and stained with 10,000-fold
dilution of SYBR Gold. (A) Time courses of relaxation. (—)SC, negatively supercoiled
plasmid; relaxed, relaxed circular plasmid. (B) Effects of topoisomerase-specific drugs.
ICRF-193, a bis(2,6-didioxopiperazine) derivative, is a potent inhibitor of type II
topoisomerase with 50% inhibition at ~2 uM [16]. Epotoside inhibits religation of DNA,
producing double-strand breaks irrespective of the presence of ATP [17]. Assays were made
as in A for the reaction period of 30 min. Samples with epotoside were incubated, prior to
electrophoresis, with 200 pg/mL proteinase K at 45°C for 30 min to digest topo Ilo.. Linear
DNA marker was generated by digesting pPBR322 by EcoRI. The yield of linearized DNA at
200 uM epotoside is below 10% at the enzyme/pBR322 molar ratio of four under similar
conditions [17].
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Figure S2. A geometrical model for a DNA braid. The model has been described by
Charvin et al. [7] for the case of a symmetric braid (4 = 0). Here, the angles between the
DNA and braid axis are atAda (magenta) and a-Aa (green), which are assumed to be
maintained through the braid. In the braid, the distances between the DNA axis and braid
axis are taken as R+AR (magenta) and R-AR (green). The pitch P is then given as P = 2n(R
+ AR)/tan(a + Aa) for magenta DNA and P = 2n(R — AR)/tan(a — Aex) for green DNA. The
two pitches must be the same in a braid, leading to P = 2nRcota(1 - Ad’/cosa?) where terms
higher than A¢? have been neglected. For a braid of (n — 1/2) turns (made by winding one
DNA around the other for » turns as described in the main text), its length ¢ is given by £ = (n
— 1/2)P. The effect of the asymmetry (4) is of the second order and is practically
negligible, and thus ¢ ~ 2n(n — 1/2)Rcota = 2n(n — 1/2)Rtan(n/2 - 62), where €= 2« is the
angle between the two DNAs. This final result is the same as that by Charvin et al. [7], and
the only merit of the calculation above is to show that asymmetry does not matter as long as
Aa <<1 (radian). Note that the geometrical model would fail at & > 45° where the magenta
and green rods would overlap partially, although R here represents an entropic radius of DNA
[22] which is much larger than the geometrical radius of ~1 nm and thus the failure would not
be a sudden one expected for solid ropes.
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Figure S3. Determinants of braid length. Pairs of DNA were braided and the braid
lengths estimated from fluorescence images as described in the main text, except that
topoisomerase was not included in the medium. (A) Fluorescence images of a DNA braid of
n = 30, showing dependence of the braid length on braid angles. (B) Proportionality
between braid length and braid turns (n — 1/2) for € around 90° (range 75°-95°). (C) Angle
dependence of the braid length for n = 30. The lower horizontal axis is chosen to test the
geometrical model in Figure S2.  Open circles, tension between 0.7 and 1.4 pN; black circles,
below 0.7 pN; gray circles, above 1.4 pN. Dashed line shows regression passing through the
origin (geometrical model) for open circles, with £ = 1.37tan(90° - 2) where ¢ is the braid
length in um. A better fit is obtained if we allow the line to deviate from the origin (solid
line), with £=0.51 + 0.96tan(90° - 82). Deviation from the geometrical model (Figure S2)
is expected for 8> 90°, and the observed braid pitch of ~50 nm (¢/n), close to the persistence
length of DNA, also suggests that bending the DNA may cost additional energy. (D)
Tension dependence of the braid length (n = 30) for &around 90° (range 79°-97°). (E) Braid
lengths in D converted to those at &= 90° by assuming the angle dependence shown in the
solid line in C. Solid curve shows fit assuming that the normalized braid length depends on
the tension F as F>"* [7]: € = 0.90 + 0.63F>"* where F is in pN. In the main text and in
Figure S4 below, we estimate the braid turns » from the observed braid length £ and tension F
assuming this tension dependence and the solid line in C: £ = [(n — 1/2)/(29.5-1.47)][0.51 +
0.96tan(90° - 62)][0.90 + 0.63F>* or n = 1/2 + 72¢/ {[0.53 + tan(90° - G12)](1.43 + F>")}.
The root-mean-square deviation of the 58 measured braid lengths from this phenomenological
equation (four data with tan(90° - 82) < 0.5 excluded) is 0.12 um, which is a measure of the
reliability of the length estimates.
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Figure S4. Summary of individual unbraiding reactions. Results from each experiment
are shown in paired bars, the left bar showing the braid turns counted by mechanical
winding/unwinding and the right bar showing the observed braid lengths which have been
converted to the braid turns by the last equation in Figure S3. All the left bars are given the
same height of 30 turns, the count in the initial mechanical winding. Note that the count at
time 0 may have been smaller, due to premature unbraiding particularly at high [topo Ila]s.
The magenta portions show the braid turns that remained at 300 s, estimated by mechanical
unbraiding. Some of these may be underestimated, due to unbraiding by topo Ila during the
process of mechanical unbraiding. The height of the bars on the right corresponds to the
braid length at time 0. The height deviates from 30, because the determination of the braid
length and the conversion to braid turns both involve errors, and because premature
unbraiding took place at high [topo Ila]s. For the same reasons, the magenta portion in the
left bar and the red portion in the right bar do not match precisely. “ud” indicates the cases
where the mechanical count suggested unbraiding but a decrease in the braid length could not
be detected reliably. Note that failure in detecting a length change can be inferred only when
the initial length was apparently preserved; when unbraiding is detected both in the
mechanical counts and length changes, there is always a possibility that an additional short
unbraiding event(s) has taken place without being detected. CW, clockwise braid.



Text S1. DNA fluctuations in a braid.

Here we present an order-of-magnitude estimation of the extent of DNA fluctuations in a
braid. The treatment below is not rigorous nor precise, and numerical values should be
regarded as such. The braids we consider are those in our experiments, where the four ends
of a braid are pulled at nearly right angles under ~1 pN of tension.

First we consider longitudinal fluctuations of the middle of a 16-um DNA held at its two
ends. For DNA as a worm-like chain, the relation between its extension L and applied
tension F can be approximated [23] by FA/ksT = (1/4)[(1 - L/Lo)* - 1] + L/Lo, where L is the
contour length, 4 (~50 nm) the persistence length, and kg7 (~4.1 pN-nm at room temperature)
the thermal energy (L/Ly ~ 0.85 for ' =1 pN). When the two ends of a 16-um DNA are
fixed, its middle is constrained by two halves of the DNA each with a spring constant [24] K/,
= OF/OL, which, for Ly=8 pm and F = 1 pN in our experiment, is calculated as 1.5x107
pN/nm. The middle thus fluctuate, in the direction along the length of DNA, with an
amplitude Az characterized by <A*>= ksT/2K); ~ (37 nm)2 .

In a DNA braid, the two DNA molecules are constrained laterally, but fluctuations of
each DNA along the braid axis is not much restricted by the other DNA unless the tension is
high enough to force the two DNAs physically touch with each other (R ~ 1 nm in Figure
S2). Thus, the average amplitude of fluctuation of one DNA in a braid, along the braid
length, will also be ~<Az*>"? or ~37 nm. Fluctuations beyond this value are not rare: the
probability of fluctuations beyond +2<Az*>'"? ~ £74 nm is ~5% and beyond +3<Az*>"* ~
+110 nm is still as high as ~0.3%. The frequency of such fluctuations can very roughly be
estimated as follows. The diffusion coefficient D of a 1-um DNA segment is of the order of
ksT/6mna ~ 5x10™"° m*/s where 7 ~ 0.9x10~° Ns/m? is the viscosity of water and a = 0.5 pm
(the dependence on the size, a, is modest and thus we take the length arbitrarily as 1 um and
adopt the simplest formula for D, for a sphere of radius a, which is an underestimate for the
thin DNA segment). Free diffusion of the DNA segment over 74 nm thus takes (74 nm)*/2D
~0.005s. When restricted by the rest of DNA as springs, diffusion over 74 nm = 2<Az*>""?
succeeds in ~5% of the cases, or once in ~0.1 s. Similarly, diffusion of the middle of DNA
over 110 nm would take place once in ~4 s. Note that these frequency values are
underestimated.

Thus, in the case of a simple DNA cross (a half-turn braid), topoisomerase does not have
to bind precisely at the apex: even if it binds £0.1 pm away, the binding site will fluctuate to
the apex (or the other DNA will fluctuate to the binding site) more often than once a second.
The effective target size for topo Ila binding is of the order of 0.2 pm in our experiments. In
a long braid, a topo Ilo. molecule will continue to unbraid it until the topo Ila gets out of the
braid zone by ~0.1 um, as long as the topo Ila stays on the binding site on one DNA and
remains active.

Next we consider lateral fluctuations of DNA. Suppose that a DNA of extension L is
fixed at its two ends such that its tension is /.  When its middle is displaced laterally by Ax,
the two halves of DNA pull the middle back each with a force F-[Ax/(L/2)], or each with a
spring constant [24] K, = F/(L/2). Mean square displacement of the middle is given by
<Ax*> = kgT/2K,. The pitch of our braid is ~50 nm (~1.5 pm / 30 turns; Figure S3), which
is a measure of L above for lateral fluctuations. For L = 50 nm and F = 1 pN, <>~ 7
nm. The two DNAs in our braid are separated laterally by an average distance of this
magnitude (R in Figure S2). For lateral fluctuations of this size, DNA may be considered to
consists of segments of length A4 (persistence length) that move relatively independently, with
a diffusion coefficient an order of magnitude larger than the above D of 5x107° m?%s.
Lateral encounters of two DNAs in a braid should thus be frequent, well above a thousand
times a second (depending on how an encounter is defined).



Video S1. Unbraiding of a 30(29.5)-turn DNA braid in two bursts.

The movie consists of three portions (initial setup, first unbraiding burst, second burst
resulting in complete unbraiding) as indicated by green horizontal bars in Figure 1C in the
main text, with 1-s blackouts in between. The time displayed on the lower right matches that
in Figure 1C. The white bar that appears at time 0 indicates 1.8 pum, the initial braid length.
Note that the stage, and thus the DNA roots, were slightly moved to the right between ~70 and
~75 s to increase the tension (Figure 1D). The movie taken at 30 frames/s has been
running-averaged for 30 frames, and the intensity adjusted to highlight DNA (bead images are
saturated).
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