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Abstract

Many cellular processes occur out of equilibrium. This includes site-
specific unwinding in supercoiled DNA, which may play an important role
in gene regulation. Here, we use the Convex Lens-induced Confinement
(CLiC) single-molecule microscopy platform to study these processes with
high-throughput and without artificial constraints on molecular structures
or interactions. We use two model DNA plasmid systems, pFLIP-FUSE
and pUC19, to study the dynamics of supercoiling-induced secondary
structural transitions after perturbations away from equilibrium. We find
that structural transitions can be slow, leading to long-lived structural
states whose kinetics depend on the duration and direction of perturba-
tion. Our findings highlight the importance of out-of-equilibrium studies
when characterizing the complex structural dynamics of DNA and under-
standing the mechanisms of gene regulation.
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1 Introduction

Life exists out-of-equilibrium. Cellular processes rely on transfers of energy and
exchanges of materials to perform important biological functions. Studying the
out-of-equilibrium dynamics of biological molecules and systems is necessary
to understand many in vivo events. However, out-of-equilibrium studies pose
a number of challenges. First, while there is a well accepted framework to
model biological systems at the molecular level using equilibrium statistical
mechanics, a similar framework for out-of-equilibrium statistical mechanics does
not exist [1]. Furthermore, in vitro bulk measurements often focus exclusively on
equilibrium states of molecules. In such bulk measurements, information about
the time sequence of events, sub-populations of molecules, and rare events is
lost.

To tackle these obstacles, single-molecule techniques can be used to better
study transitional structures, out-of-equilibrium states, or stable sub-populations
[2]. However, many of these single-molecule techniques rely on tethering or oth-
erwise constraining molecules, potentially altering the structure of the molecules
they aim to observe. While these constraints can effectively be ignored for
some systems, generally, tethering can restrict or alter the global structure of a
molecule compared to the same molecule in free solution.

We have developed a single-molecule assay which builds on the Convex Lens-
induced Confinement (CLiC) microscopy technique [3, 4, 5] and enables us to in-
vestigate out-of-equilibrium molecular dynamics in the absence of tethering. By
confining molecules in solution within micrometer-scale wells, CLiC microscopy
enables long observation times without the use of molecular tethers. This allows
for structural studies of molecules without altering their global configuration or
restricting states that may otherwise be present free in solution.

In previous work, we used this technique to study supercoiling-induced un-
winding in plasmid DNA [4, 5]. We introduced a fluorescently labelled oligonu-
cleotide complementary to a sequence-specific unwinding site that would only
bind to that site if the site was in the single-stranded DNA conformation. As
the size of the oligo probe (20-30 bases) was orders of magnitude smaller than
a bound oligo-plasmid complex (approximately 2500 bp), bound complexes dif-
fused far more slowly (approximately 100x slower) than free oligos in solution.
The fraction of bound complexes in a given observation volume could then be
counted by using CLiC microscopy. In this way an average 400 oligos trapped in
micro-wells could be imaged simultaneously and through serial measurements,
thousands of molecules can be probed.

In the present work, we extend this technique to probe the dynamics of
the winding-unwinding transition under out-of-equilibrium conditions. We use



temperature to shift the plasmids away from equilibrium, where heating the
plasmids shifts the majority of them into an unwound state. After cooling to
the experimental temperature, the DNA required time to form a double helix
again. We sampled the plasmids at various time points after this disturbance,
introducing the oligo immediately prior to imaging and measuring oligo binding
over time. From the resulting binding curves we could estimate the rate of
winding and unwinding, as well as the rate of oligo-plasmid binding.

We mathematically modelled the plasmid-probe interactions and the un-
derlying structural transitions in order to extract kinetic information from our
experimental data, and we quantified parametric uncertainties using Markov
Chain Monte Carlo (MCMC) methods. We applied this technique to study the
dynamics of structural transitions in supercoiled plasmid DNA, and the effects
of global DNA structure on the dynamics of such transitions.

To the best of our knowledge, no single-molecule experiments to date have
examined the dynamics of supercoiling-induced transitions in DNA plasmids.
While entire DNA plasmids have been studied in the past, these studies focused
on atomic force microscopy [6], cryo-electron microscopy [7], or other techniques
where the DNA is immobilized prior to imaging. Secondary structures in plas-
mids or genomes are typically studied in bulk through gel electrophoresis [8],
with few studies focusing on the competition among secondary structures [9].
Single-molecule studies of transitional dynamics, such as magnetic tweezer stud-
ies, have focused on the formation of a single secondary structure [10]. Com-
petitions among different structures was not evaluated. While these studies
are informative, little information is available regarding the out-of-equilibrium
dynamics of DNA unwinding sites in molecules containing other competing sec-
ondary structures, or how the presence of these structures impacts the unwind-
ing and winding dynamics of the DNA.

In this paper we use CLiC microscopy to study the rate of the B-DNA -
unwinding transition in circular DNA plasmids. We estimate the state transition
rates associated with DNA winding, DNA unwinding and oligo-plasmid binding
for two plasmids, pFLIP-FUSE and pUC19, with different secondary structures.
We use temperature to shift the proportion of wound and unwound plasmids
away from the equilibrium state by heating or cooling the plasmids shortly before
observation. Finally, we investigate the presence of other secondary structures
in the plasmids and discuss the role of competition among structures on the
dynamics of the winding/unwinding transition.

2 Model System and Biological Context
2.1 DNA Superhelicity

In cells, DNA commonly is supercoiled, either over- or under-twisted. At least
transient supercoiling accompanies all genetic transactions, especially where en-
zymatic machines translocate across stretches of DNA [11]. The amount of
supercoiling experienced by the DNA can be quantified by its supercoiling den-



sity (o), the number of twists added to or removed from a relaxed molecule
normalized by the size of that molecule. Conventionally, ¢ is positive when
the molecule is over-wound relative to the relaxed state (i.e. has an excess of
right-handed twists) and negative when it is under-wound. The torsional strain
provided by this over- or under-twisting drives structural transitions between
different secondary structures, both globally and at sequence-specific locations
[12]. These sequence-specific secondary structures include unwinding, Z-DNA
formation, and cruciform formation [13, 14, 15, 16].

Of particular interest are the unwinding regions: AT-rich regions susceptible
to stable melting at low temperatures when sufficiently negatively supercoiled.
They facilitate the binding of transcription factors and RNA polymerases in-
volved in the initiation of gene expression [17, 8, 18, 19]. For example, the c-myc
proto-oncogene in the human genome is preceded by an unwinding region called
the Far Upstream Sequence Element (FUSE). Under sufficient negative super-
coiling, the FUSE region unwinds, allowing FUSE binding proteins (FuBPs) to
bind, which regulates transcription of the c¢-myc gene [17, 20].

The biophysics of supercoil-induced structural transitions have been theoret-
ically modelled using equilibrium statistical mechanics. In 2015, Zhabinskaya
and Benham published their DZCB-trans model (currently called SIST and
available on the BitBucket website) [16]. SIST uses Boltzmann statistics to an-
alyze competitions among three types of alternate structures: unwinding, B-Z
transitions, and cruciform extrusion. The model predicts the equilibrium proba-
bility of each type of transition occurring at base pair resolution in a supercoiled
plasmid. Throughout this work, comparisons are made to predictions from the
SIST model.

2.2 Implications for Gene Regulation

Since each transition event localizes some of the negative supercoiling as under-
twist, and the total amount of negative supercoiling is fixed, each transition in
a plasmid diminishes the stresses felt by its other sites. This produces a global
competition among all susceptible sites that may have regulatory implications.
Changes in DNA supercoiling and interactions among susceptible sites can link
the expression of multiple genes to one another. Since RNA polymerases gener-
ate transient supercoils as they travel along a DNA molecule, they can stimulate
the opening or closing of nearby unwinding sites that act as promotor regions
and transcription factor binding sites, linking the expression of neighbouring
genes [21, 22, 8, 18]. When multiple secondary structure-susceptible regions
occur within the same topological domain, they compete for the available tor-
sional strain. This can give rise to possibly complex interactions among them.
For example, Z-DNA can act as a supercoiling ‘sink’, absorbing torsional strain
that could otherwise drive unwinding and commence gene transcription [15]. In
some cases, supercoiling can coordinate gene expression throughout entire bac-
terial genomes, where increases or decreases in the expression of topoisomerase
and gyrase can adjust global supercoiling levels to induce quick responses to
changing environments [19], simultaneously activating or deactivating hundreds



of genes [23, 24].

DNA structure in vivo is constantly being perturbed, which makes the out-
of-equilibrium dynamics of structural transitions increasingly important to un-
derstand. When DNA is perturbed away from equilibrium, the structures most
likely to tramsition first are those with the fastest transition dynamics, as op-
posed to those with the lowest free energies. As the DNA relaxes back to equilib-
rium, it will eventually adopt the most energetically favourable configuration,
but the complicated dynamics of such transitions have not been modelled to
date. Detailed study of these subtle and complex super-structural interactions
is made possible with single-molecule resolution using our non-tethered CLiC
technique, which allows the DNA to freely explore all possible conformations.

Model Plasmids: pUC19 and pFLIP-FUSE

We investigated the dynamics of strand unwinding in two model plasmids. The
first plasmid, pUC19, is a common cloning vector that contains two supercoil-
induced unwinding regions [25]. The most easily unwound region occurs up-
stream from the origin of replication, and the second region is associated with
the ampicillin resistance gene. The region upstream from the origin of replica-
tion is our focus of interest, both in our previous work [4, 5] and in this work.

The second plasmid, pFLIP-FUSE, was created by inserting the FUSE re-
gion of the c-myc oncogene into a cloning vector constructed from fragments
of pUC19 and pEGFP-C1 [17]. In this plasmid, the ampicillin resistance gene
was replaced with a kanamycin resistance gene, which is not associated with
a supercoil-induced unwinding region. Thus, the only unwinding region in the
pFLIP-FUSE plasmid is the FUSE region itself.

Reaction Model

We estimated kinetic rate constants by modelling the plasmid-oligo system as
a series of molecular interactions, as shown in Figure 1B-C. First, the plasmid
unwinding region can take on two states, open (O), and closed (C). Then the
open region can interact with unbound oligos (U), forming bound oligo-plasmid
complexes (B). Using the law of mass action, the following system of differential
equations can be derived that describe this system:
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Here [O], [C], [U], and [B] are the concentration of molecules in the states
O, C, U, and B respectively (see Figure 1B). k. is the chemical rate constant
of the unwinding site closing, k, is the chemical rate constant of the unwinding
site opening, and kj; is the chemical rate constant of the plasmid and oligo
binding to form a plasmid-oligo complex. k;, encompasses both the rate of the
oligo and plasmid entering the same space, and the rate of hybridization once
collision occurs. The rate of the oligo dissociating from the plasmid was found
to be much longer than the timescale of our experiments and is assumed to be
negligible in our model [4].

For all experiments, the total concentration of oligonucleotides in the exper-
iment was 0.752 nM (on average, 0.82 oligos per well). In pUC19 experiments,
the total concentration of plasmids in any state (O, C or B, excluding nicked
plasmids), P,, was 21.1 nM (on average, 23 plasmids per well). In pFLIP-FUSE
experiments, the total concentration of plasmids, P,, was 11.9 nM (on average,
13 plasmids per well). These concentrations were chosen to obtain appreciable
binding under the experimental conditions.

These differential equations were fit to experimental data using an MCMC
sampler (Metropolis algorithm, see Supplementary Information for more infor-
mation) to estimate each of the chemical rate constants and the initial fraction
of open plasmids, [O](t = 0).

The experiments measured the number of oligos bound to plasmids as a func-
tion of time, [B](t). For each heat treatment, several concentration curves were
measured, differing only by an incubation period (tin.) after the perturbation
and prior to the addition of oligo. According to our model, the concentration
of unwound plasmids at the times when oligos were added, [O](tinc), is:

Pk,
ko + ke

P,
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where [O](tinc = 0) is the concentration of unwound plasmids when the oligo was
added to the curve with the smallest ¢;,.. To estimate the fraction of unwound
plasmids at equilibrium (without oligos present), we took the limit of Equation
2 as tin. approaches infinity.

3 MATERIALS AND METHODS

3.1 Plasmid preparation
3.1.1 Plasmid growth and purification.

Plasmids were extracted from DH5a Escherichia coli grown in lab, by using a QI-
Afilter plasmid midi kit (QIAGEN). The plasmids were supercoiled by reacting
them with calf-thymus topoisomerase 1B (Life Technologies) in the presence of
various concentrations of ethidium bromide [26], and purified using a QTAquick
mini PCR purification kit (QIAGEN). DNA concentration was determined from
the ODogg of the eluted DNA. Quality and supercoiling density of the plasmids



was verified through gel electrophoresis (Figure S1) [26]. This method produced
negatively supercoiled plasmids (pFLIP-FUSE or pUC19) with a Gaussian dis-
tribution of supercoiling densities about a mean value. Values of supercoiling
densities used in this paper are followed by the standard deviation of this Gaus-
sian distribution to indicate the spread of supercoils in the sample. Plasmids
were stored in 10 mM Tris (pH 8.0) at 4°C until use.

3.1.2 Sample preparation for microscopy.

Unless otherwise noted, each sample consisted of 21.1 nM plasmid DNA, 752 pM
oligonucleotide probe (20 bases long for pFLIP-FUSE, 30 bases long for pUC19,
see Supplementary Information for sequence and labelling information) labelled
with Cy3b via an NHS ester bond, 25 mM HEPES, 10 mM NaCl, 12 mM
Tris-HCI (pH 8.0), 2.5 mM protocatechuic acid (PCA), 50 nM protocatechuate
3,4-dioxygenase (PCD), 1 mM KCl, 20 pM EDTA, and 1 % glycerol. PCA and
PCD are a substrate enzyme pair that remove oxygen from solution, reducing
the amount of photobleaching. The KCI, EDTA, and glycerol were from the
storage solution for the PCD. For any samples with a pre-experiment temperture
treatment, all components except the probe oligo, PCA, PCD and associated
storage buffer were mixed before treatment. Oligo, PCA and PCD were added
after treatment, immediately prior to microscopy.

Samples were subjected to one of two heat treatments prior to visualiza-
tion on the microscope. All samples were stored at 4°C (which favours no
unwinding) in 10 mM Tris-HC1 buffer (pH 8.0) prior to experiments. For heat
treatments, they were mixed with the buffer described above, without the oligo,
PCA, PCD and associated storage buffer. Samples that approached equilib-
rium from a closed state (“chilled” samples) were heated to 37°C with a Biorad
C1000 Touch Thermal Cycler and held at that temperature for the desired in-
cubation time (¢,.). Samples that approached equilibrium from an open state
(“heated” samples) were heated with a Biorad C1000 Touch Thermal Cycler to
95°C for one minute unless otherwise noted, cooled at a rate of 5°C/min and
held at 37°C for the desired incubation time (ti,c). Samples were removed from
the thermocycler immediately prior to the start of the oligo-binding reaction.
Oligos, PCA and PCD were added to start the reaction as the samples were
transferred to the microscope, which was heated to 37°C and held there. In
experiments labelled with “no heating”, plasmids were mixed with oligo, PCA
and PCD immediately after removal from 4°C, then imaged on the microscope
at 37°C with no initial heating step.

3.2 Microscopy
3.2.1 Convex Lens-induced Confinement.

Convex Lens-induced Confinement [3, 27, 5] was used in all microscopy exper-
iments to confine molecules in 3 pm wide, 500 nm deep pits. Pits were etched
into D263 cover glass using UV lithography as described in prior work [4]. Flow



cells were constructed by affixing the pitted glass to a second cover glass that
had two inlet ports drilled through it, using double sided tape as a spacer. Flow
cells were secured in the microfluidic chuck of a CLiC device and mounted on a
Nikon Eclipse TI-E inverted microscopy with a CFI Apo TIRF 100x objective.
Sample was flowed into the flow cell through the inlet ports, applying a positive
pressure to facilitate any necessary buffer exchange. Samples in the flow cell
were maintained at 37°C using the heating system detailed in [4].

3.2.2 Measuring concentration curve.

To measure a concentration curve, sample was added to the flow cell, using pos-
itive pressure to displace a blank buffer. The CLiC lens was lowered, depressing
the top coverslip of the flow cell and confining molecules in wells (Figure 1A).
Wells were illuminated with a 532 nm Sapphire laser (Coherent), and a 50-ms
exposure, 100-frame video was taken using an EMCCD camera (Andor iXon
Ultra 888 EMCCD camera). The CLiC lens was lifted to release the sample.
This process was repeated once per minute until ninety videos were acquired.
In each video, the bound oligo-plasmid complexes were distinguishable from
the free oligos by a large change in diffusion. In one frame at 50 ms exposure,
the bound complex was a localized diffraction limited spot, while the free oligo
was a diffuse ’smear’. This is illustrated in Figure 1D, where one frame from
a representative video is shown with bound molecules circled for illustrative
purposes.

3.3 Analysis

Well locations in each video were automatically detected (see Supplementary
Information for more information) and bound oligo-plasmid complexes were
identified using the supervised machine learning algorithm described in [4]. All
counts were verified by human inspection. Since the wide-field laser beam had
a Gaussian beam profile, wells toward the edges of the beam were too dark to
accurately measure and excluded from analysis. Dark wells were experimentally
determined to be wells that lay more than 0.55 standard deviations away from
the peak of the Gaussian beam profile (see Supplementary Information for more
information). All counts of molecules were scaled to be per 400 wells, to com-
pensate for differences in the number of excluded pits from data set to data set.
Data was averaged over every ten videos before displaying on graphs. A typical
concentration vs time graph is shown in Figure 1E. In this curve, pFLIP-FUSE
was mixed with oligo and imaged on the microscope at different temperatures,
showing the relationship between temperature and binding. Where applicable,
fits on graphs use the reaction model outlined in Equation 1. Fit parameters
and uncertainties were estimated using MCMC sampling (Metropolis-Hastings
method, see Supplementary Information and Reaction Model section for more
information).



3.4 Potassium permanganate footprinting

Secondary structures in DNA were detected and mapped using potassium per-
manganate footprinting analysis [28]. Certain DNA structures, such as site-
unwinding, cruciforms, and Z-DNA, have single-stranded DNA regions. The
entire unwinding region is single-stranded when in its unwound state, cruci-
forms create single-stranded bases at the B-cruciform junction and at the apex
of the cruciform, and the B-Z junctions of Z-DNA contain one single-stranded
base each [29]. Thus, detecting the presence and locations of single-stranded
DNA indicates the existence and positions of these secondary structures.

Potassium permanganate oxidizes single-stranded thymine bases, preventing
them from closing. Here we probed DNA for alternate structures by treating it
with potassium permanganate, linearizing with a restriction endonuclease, and
cutting at single-stranded regions with an S1 nuclease. To perform this per-
manganate footprinting, 1 ng of DNA was prepared as it would be prior to a
microscopy experiment (including pre-experiment heat treatments). Oligo, PCA
and PCD, and the associated storage buffer were not used in the footprinting, to
mimic the initial conditions of the binding curves. Because HEPES inhibits the
potassium permanganate reaction, we substituted Tris-HCl for HEPES in the
experimental buffer, bringing the final Tris concentration to 20 mM. On a heat
block at 37°C, samples were treated with 7 mM of potassium permanganate for
one minute to oxidize any single-stranded thymine bases. The permanganate
was inactivated with 3-mercaptoethanol and the DNA was purified. All DNA
purifications were conducted using QIAquick mini PCR purification kit (QIA-
GEN), following the manufacturer’s instructions. Permanganate-modified plas-
mids were linearized with a restriction endonuclease. Purified linear DNAs were
treated with S1 nuclease (NEB), following the manufacturer’s instructions. The
restriction endonuclease varied by sample, using HindIII for pUC19 and Ncol-
HF for pFLIP-FUSE (all enzymes from NEB). After a final purification eluted
with 10 pL of 10 mM Tris-HCI (pH 8.0), samples were analyzed by electrophore-
sis on a 1% agarose gel. Gels were stained with SybrSafe and imaged.

4 RESULTS

4.1 Unwinding and winding transitions in pFLIP-FUSE

As with pUC19 [4], site-unwinding in pFLIP-FUSE increases with temperature
(Figure 1E), in agreement with theoretical predictions [16] and bulk experiments
with the pFLIP-FUSE plasmid [17]. The samples used in Figure 1E were kept at
4°C until immediately prior to the experiment when they were mixed with the
oligo and heated to the experimental temperature. Since site-unwinding is tem-
perature dependent, we used temperature to induce large-scale unwinding and
perturb plasmids away from an equilibrium partition of wound and unwound
plasmids. While unwinding is increased in the plasmids through heating, after
cooling only a minority of the total plasmids demonstrate unwinding. We added
fluorescently-labelled oligos to the solution at various times after perturbation



and measured oligo binding over time to infer the number of unwound plasmids.
Using this approach, we measured how long it took the plasmids to reach equi-
librium at 37°C after a perturbation to a cooled state 4°C and also to a heated
state 95°C.

The pFLIP-FUSE plasmids (o = -0.062 £ 0.006) were stored at 4°C, a tem-
perature at which site unwinding is improbable. We then brought the plasmids
to 37°C and added the oligo after different incubation times to measure the
presence of unwound plasmid. There was no observable change in the plasmid-
oligo binding rate with incubation time as shown in Figure 2A. Since all other
solution, sample, and temperature conditions were identical, this suggests that
the partition of wound and unwound plasmids reached equilibrium very quickly
after being heated to 37°C, or that the opening rate was sufficiently slow that
no change in binding was observed with increasing incubation time. This same
trend was observed with pUC19 (Figure S7).

The plasmids behaved differently when heated to 95°C and then brought to
37°C. The plasmids were heated to 95°C for 1 min before being cooled at a rate
of 5°C/min until they reached 37°C (Figure 2B). We then held the plasmids at
37°C for various lengths of time before adding the complementary oligo. When
we added the oligo immediately after cooling, a large amount of oligo-plasmid
binding was observed, suggesting a high number of unwound plasmids. The
amount of binding decreased as the time between cooling and adding the oligo
increased. No such increase was observed when an oligo complementary to
another site on the plasmid was used (Supplementary Information, Figure S5),
demonstrating that the slow reannealing was specific to the unwinding site and
that the rate limiting step is not large scale melting of the entire plasmid.

We used MCMC sampling (Metropolis algorithm) to estimate the initial and
transient concentrations of wound and unwound plasmids, as well as the chem-
ical rate constants associated with plasmid winding, plasmid unwinding, and
oligo-plasmid binding (see Equation 1) over the course of the experiment. All
parameters were free to change during parameter estimation. The estimated pa-
rameters are summarized in Table 1, and their posterior distributions are shown
in Figure S2. Joint parameter uncertainties are summarized in the Supplemen-
tary Information in Figures S3 and S4. The concentration of open unwinding
sites at equilibrium (without oligos present) was calculated from the rates of
opening and closing by taking the limit of Equation 2 as ¢;,,. approaches infin-
ity. Asexpected, the rate of oligo binding (k) dominates the reaction. The rates
of unwinding and winding are small at the studied conditions, leading to slow
relaxation back to equilibrium after the plasmids are heated and then cooled to
37°C (Figure 2B). Also as predicted, at the given conditions the winding rate is
higher than the unwinding rate, leading to a low proportion of unwound plasmids
at equilibrium. From the rates, we calculated that at equilibrium 0.2940.01% of
plasmids were unwound. Using the DZCB-trans algorithm [16], the probability
of plasmid unwinding at these conditions is predicted to be 0.47%.

From these measured rates, we can see that the amount of unwound plasmids
in Figure 2B has returned to equilibrium. However, should these rates apply to
the conditions presented in Figure 2A, which starts from a condition where all
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plasmids are closed, we would expect the equilibrium partition of wound and
unwound plasmids (0.29% of plasmids being open, as stated in Table 1) to be
reached well before 144 h after heating. However, less binding than expected
is observed in the chilled samples after incubation (Figure 2A and the brown
curve in Figure 2B). Likewise, we would expect to observe less binding at shorter
incubation times. (See Figure S11 for the simulated curves using the rates
measured from Figure 2B).

This asymmetry in the binding rates, where there is a mismatch between
the measured opening and closing rates after heating or cooling, in combination
with our gel measurements, suggests that other secondary structures present in
the plasmids may play an important role in determining the opening and closing
rates of the unwinding site. Most notably, the amount of binding in Figure 2A
did not converge with the amount of binding observed at equilibrium in 2B,
suggesting that there is a long-lived state present in either the cooled or heated
sample slowing the transition to equilibrium.

4.2 Unwinding and winding transitions in pUC19

We subjected supercoiled pUC19 plasmids (o = -0.054 + 0.006) to the same
experimental conditions we used for pFLIP-FUSE. Heating pUC19 to 95°C for
1 min did not increase unwinding (Figure 3A). This was unexpected, as 1 min
was sufficient to increase the unwinding in pFLIP-FUSE plasmids, regardless of
supercoiling density (Figure S6). However, pUC19 needed to be heated longer to
elicit a shift in unwinding after cooling (Figure 3A). The increase in unwinding
stabilized for heating times longer than 30 min.

When pUC19 was heated to 95°C for 1 h and then cooled to 37°C the relax-
ation back to equilibrium was faster than observed with pFLIP-FUSE (Figure
3B). As with pFLIP-FUSE, the amount of oligo binding increased for plasmids
which were heated and decreased with longer incubation times. With pUC19 (o
= -0.054 =+ 0.006), 20 h of incubation was sufficient for the plasmids to return
to their equilibrium partition of wound and unwound sites.

We estimated the chemical rate constants and initial concentration of un-
wound plasmid using MCMC methods. The fitted rate constants are summa-
rized in Table 1. As with pFLIP-FUSE, the oligo binding rate dominates the
reaction. As above, we calculated the equilibrium concentration of unwound
plasmids without oligos present from the fitted rate constants. At equilibrium
0.078 4+ 0.007% of plasmids had an open unwinding site. Consistent with our
prior work [4], the experimental amount of unwinding was less than predicted
(0.33% at T = 37°C, [Na™] = 22.5mM, and ¢ = —0.054, calculated with
DZCB-trans algorithm [16]).

4.3 Secondary structures globally present in plasmids

We conducted potassium permanganate footprinting [28] to examine the sec-
ondary structures present in these plasmids. First, we prepared supercoiled
plasmids in experimental buffer and subjected them to the same temperature
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treatments used for microscopy. We either heated them to 95°C for 1 min and
cooled them to 37°C, or we heated them directly to 37°C. We treated the plas-
mids with potassium permanganate, linearized them with a restriction enzyme,
then treated the samples with an S1 nuclease. We ran the fragments on an
agarose gel and mapped the cut locations based on fragment length.

Supercoiled pFLIP-FUSE plasmids (o = -0.10 & 0.01) heated to 37°C pro-
duced five fragments (Figure 4B), suggesting that there were two cut sites,
corresponding to the FUSE unwinding region and a cruciform-susceptible re-
gion (see Supplementary Information Figures S8 and S9 for mapping). At ¢ =
-0.10 £ 0.01, the observed bands correspond to plasmids that had no secondary
structures, plasmids with just the FUSE unwinding region open, and plasmids
where both the FUSE region was open and the cruciform was extruded.

Plasmids brought directly to 37°C from a cooled state of 4°C (left lane of
Figure 4B) exhibited less unwinding and less cruciform extrusion than plasmids
heated to 95°C and cooled to 37°C (right lane of Figure 4B). This again shows
a slow relaxation back to equilibrium after a perturbation.

Interestingly, regardless of heat treatment, plasmids were not observed in a
state where the cruciform was extruded while the FUSE unwinding region re-
mained closed. However, such a state was observed in less supercoiled plasmids
(o = -0.058 + 0.007) (Suplementary Information Figure S10), demonstrating
that the order of structural transitions has a dependence on supercoiling. Ad-
ditionally, at lower superhelicities (o= -0.050 £+ 0.007) we observed that the
unwinding region is the first region to open with increasing temperature or
decreasing ionic concentration (Figure S14).

In pUC19 (6 = -0.097 £ 0.009), we observed two cut sites, corresponding to
the locations of the two known unwinding regions (see Supplementary Informa-
tion Figure S9 for mapping) (Figure 4D). As with pFLIP-FUSE, after heating
to 95°C and subsequently cooling to 37°C we saw an increase in plasmids with
both unwinding sites open. In samples heated directly to 37°C from 4°C we ob-
served plasmids where the secondary unwinding site had opened while the first

Table 1: Chemical rate constants of site-winding, site-unwinding, and oligo-
plasmid binding, and equilibrium partitions of wound and unwound plasmids in
pFLIP-FUSE (¢ = -0.062 4+ 0.006) and pUC19 (¢ = -0.052 £ 0.006) plasmids
at 37°C after heating to 95°C for 1 min (pFLIP-FUSE) or 60 min (pUC19),
22.5 mM ionic concentration. Values were estimated through fitting oligo-
plasmid binding curves using MCMC methods. Uncertainties are the 68% con-
fidence interval of the estimated parameter distribution.
pFLIP-FUSE pUC19

ko (s71) (70+£0.1) x 1078 (6+£1)x 1078

ke (s7h) (24+0.1) x 107° (7.6 £0.6) x 107°
ky M1sl)  (5.54£0.9) x 10°  (2.540.7) x 10°
[0](0)/P, (2.6+£0.2)x 1072 (1.240.3) x 1072
[O)(<)/P, (29£0.1) x 1073 (7.8 £0.7) x 1074

12



remained closed (Figure 4D, band 2). However, in samples heated to 95°C and
cooled to 37°C, this band was no longer present, suggesting that after this heat
treatment the secondary unwinding site was only open in plasmids that also
contained an open primary unwinding site. For further discussion and compu-
tational predictions of secondary structures in both pUC19 and pFLIP-FUSE;,
refer to Supplementary Information.

5 DISCUSSION

In this work, we investigated the out-of-equilibrium dynamics of unwinding tran-
sitions in supercoiled DNA. We compared the dynamics between two different
plasmids, pFLIP-FUSE and pUC19. As pFLIP-FUSE and pUC19 have different
sequences, and thus different propensities for forming secondary structures, we
compared and contrasted the estimated opening and closing rates of their un-
winding sites to better understand the role of global structure on the dynamics
of supercoil-induced site melting and structural transitions in general.

Interestingly, the rate of the unwinding site transition was asymmetric, de-
pendent on whether the plasmids were heated or chilled prior to reaching phys-
iological temperatures. After the pUC19 plasmids were heated before being
brought to physiological temperature, their unwinding sites took a long time
to return to their equilibrium concentrations compared with samples that were
initially cooled. This timescale was on the order of hours (Figure 3B). The
kinetic rates, predicted using the data from the heated plasmids, cannot be ex-
trapolated to describe the behaviour of the chilled plasmids (Figure S11). More
specifically, pFLIP-FUSE plasmids transferred to 37°C from 4°C did not reach
the levels of binding predicted at equilibrium from those kinetic rates, even af-
ter a week of incubation. After 144 h of incubation, we observed no change in
the level of binding for the chilled plasmids, when the estimated rates from the
heated plasmids predict an increase. Similarly, with the rates measured from
the heated plasmids we would expect chilled pUC19 to take approximately 10 h
to reach equilibrium, but the chilled samples reach an equilibrium level of bind-
ing almost immediately (Figure S11). In both cases, this suggests that the rate
of site opening and closing depends on whether the plasmids approached equi-
librium from much higher or much lower temperatures. This shift in the rate
constants based on preparation suggests that multiple secondary structures play
a role in the dynamics of unwinding of the examined sites. More non-B-DNA
structures are expected to occur at higher temperatures, which could explain
the slower relaxation dynamics in pUC19 when approaching equilibrium from
high temperatures. In pFLIP-FUSE, the amount of binding observed in chilled
samples did not converge with the amount observed in the heated sample, even
after each was incubated for a week. In fact, in both scenarios, the amount of
binding appears to have stabilized, suggesting that there is some energy barrier,
most likely caused by the presence of secondary structures, that is slowing down
the winding-unwinding transition.

Hysteresis in torsional-induced structural transitions has been observed in
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the past. King et al observed hysteresis in ‘strand-unpeeling’ (ssDNA origi-
nating at ends or nicks in the DNA) when torsion was applied to DNA using
optical tweezers [30]. They also observed competition among three structural
transitions, unwinding, unpeeling, and a transition to S-DNA, where different
structures were preferred under different environmental conditions. Though
they did not observe a hysteresis in unwinding under changing torsion, such
hysteresis was observed by Zhang et al after a change in torque on the molecule
[31]. This supports our observation of hysteresis in the unwinding transition
after a temperature change.

The differences in relaxation rates between pUC19 and pFLIP-FUSE support
the hypothesis that secondary structures are affecting the winding-unwinding
transition rates. Under physiological conditions, the primary unwinding site
in pUC19 is less stable than that in pFLIP-FUSE. The pUC19 unwinding site
is longer and has a lower % GC content, leading to a lower melting tempera-
ture than that in pFLIP-FUSE, both with and without supercoiling. When the
plasmids were heated from a cooled state, this lower melting temperature was
observed, as pUC19 exhibited more oligo-binding than pFLIP-FUSE under sim-
ilar conditions (Figures 2A and 3A, brown curves). Despite pUC19 containing
an unwinding site with a lower melting temperature, it required longer incuba-
tion times at 95°C to exhibit significant melting than pFLIP-FUSE did under
similar conditions. Additionally, the maximum oligo-binding observed in pUC19
after heating and cooling was less than that observed in pFLIP-FUSE, and the
levels of binding reached equilibrium faster with pUC19 (Figures 2B and 3B).
Overall, the unwinding region in pUC19 exhibited a higher rate of closing. This
was surprising, since the unwinding region in pUC19 was predicted to melt more
easily. Thus, the presence of other non-B-DNA secondary structures, which are
expected at higher temperatures, is likely altering the transition dynamics of
the unwinding region as it closes after heating.

The permanganate footprinting provides further evidence that global com-
petitions affect the dynamics of secondary structures in vitro (Figure 4). Two
single-stranded secondary structures were detected in both pUC19 and pFLIP-
FUSE. In pUC19, the primary and secondary unwinding sites were detected,
while in pFLIP-FUSE, the FUSE unwinding site and a cruciform were detected.
In pFLIP-FUSE plasmids under large negative superhelicities (¢ = -0.10 + 0.01),
the cruciform was only observed in plasmids that also contained an open un-
winding region, suggesting an ordering to the structural transitions. This reflects
hypotheses made on a similar Z-DNA containing system [15], where the energet-
ically favoured structure was predicted to form first, and other structures only
formed if there was sufficient excess energy. Our observations suggest a similar
mechanism: since the unwinding site is energetically favoured at higher temper-
atures and negative supercoiling, it forms first, while the cruciform only forms
if there is sufficient excess energy (Figure S12). At lower supercoiling density (o
= -0.058 & 0.007), the cruciform was present in plasmids which did not contain
an open unwinding site because the cruciform is energetically favoured at these
conditions (Supplementary Information Figure S10 and S12). We observed sim-
ilar ordering with pUC19 upon perturbing the system to a heated or cooled
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state. However, when we brought plasmids to physiological temperatures from
a cooled state, we observed populations where the secondary unwinding site was
open in the absence of an open primary unwinding site. This is consistent with
theoretical predictions that suggest that at high temperatures both sites would
be open at the same time (Figure S13). Overall, we observed competition and
ordering in the formation of secondary structures, indicating that global corre-
lations between structures affect transition dynamics out-of-equilibrium.

The footprinting analyses indicate that the ordering of secondary structure
formation is dependent on whether molecules were heated or cooled prior to
reaching 37°C. This provides insight into the mechanism causing a discrepancy
in the opening and closing rates of the plasmid unwinding sites measured on the
microscope. Alternative transitional pathways of all secondary structures, each
associated with their own transition rates, can cause the dynamics of transition
to be complicated.

Our measurements suggest that the hysteresis observed in the relaxation
toward equilibrium of DNA structures is due to competition among all alternate
structures within a topological domain. The presence of long-lived alternate
structures may stabilize the unwinding site, and keep the unwinding site open
for longer than would otherwise be expected. This creates a delay between
structural perturbations and the relaxation back to equilibrium, a property
which may have interesting consequences specific to DNA function.

While the conditions we present in this paper are not physiological, we pro-
vide evidence that the competition among DNA structures can lead to a hys-
teresis in the rate of DNA structural transitions. The observed winding and
unwinding rates are slower than would be expected if there were no competition
among secondary structures. Additionally, the rates were asymmetrical: the
transition rates of the heated sample cannot be applied to the transition rates
of the chilled sample (Figure S11).

Since DNA is constantly perturbed away from equilibrium in vivo, this hys-
teresis could be utilized for cellular processes. There are several instances in
biology where DNA has ‘memory’, ranging from epigenetic markers [32] to book-
marks that occur during mitosis [33, 34]. Most research into these phenomena
focuses on protein-DNA interactions, or other physical markers. However, some
evidence suggests that a perturbation to the DNA is necessary before bookmark-
ing with proteins can occur [33]. Despite this fact, the structural implications
for DNA when such a perturbation occurs remain largely unexplored. Further
study is necessary to see if the hysteresis observed in this study happens un-
der such conditions. Should they be present, the study of out-of-equilibrium
structural dynamics of DNA should help in the discovery of models for DNA
memory by providing a mechanism of ‘short-term memory’, where a structural
perturbation can allow for increased protein-DNA interactions for a transient
time after that perturbation. This is similar to how the modification of the
DNA with a protein or marker can create a ‘long term memory’ for the DNA
[32].

Competitions among secondary structures and their effects on transition dy-
namics play important roles in gene regulation. The activities of some genes
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are controlled in part by a supercoil-induced unwinding site upstream from the
gene, which allows for protein binding when it is open [17, 18, 8]. The expression
of neighbouring genes can be linked through supercoils generated by RNA poly-
merases [18]. Also, the expression of genes across the entire bacterial genome
can be linked, either by altering the transcription levels of topoisomerases and
gyrases [19], or by changes in gyrase activity induced by altered ATP concen-
trations [24]. This latter method of gene regulation is so important that in a
long term evolution experiment, 10 of 12 bacterial colonies grown in a minimal
media environment evolved to be more negatively supercoiled than the ancestral
colony [35]. Our results suggest that the timescales of structural transitions af-
ter a large-scale change in environment are non-trivial and depend on the global
structure of a topological domain, not just the structure of a specific unwinding
site. These timescales could lead to vastly different dynamics for various struc-
tural transitions after perturbation or environmental change, adding far more
control of which genes are expressed and in what order.

This work opens the door to future studies involving the dynamics of supercoil-
induced structural transitions in DNA. We presented a model system to estab-
lish our ability to probe these dynamics and showed that the dynamics are
dependent on competitions among secondary structures. In future work, we
will investigate these competitions more explicitly, comparing the structural
transition rates when a variety of competing structures are present. We will
also extend beyond perturbations of temperature to explore perturbations to
supercoiling caused by enzyme activity.

Overall, the hysteresis observed in DNA structural transitions after heat-
ing or cooling illustrates the importance of investigating the dynamics of out-
of-equilibrium transitions in the native biological context, where competing
structures are unhindered. While some theoretical models of the behaviour
of supercoil-induced structures at equilibrium exist [36, 15, 16], extending these
models to predict out-of-equilibrium dynamics is a new pursuit [37].

6 CONCLUSION

We have presented a new method of studying out-of-equilibrium structural dy-
namics in supercoiled DNA. Using CLiC microscopy, we studied the dynamics
of these transitions without tethering the molecules, allowing them to explore
their natural configurations. By perturbing the system from equilibrium using
temperature, we studied the out-of-equilibrium dynamics of the system as it re-
laxed back to equilibrium. We also estimated chemical rate constants of two step
reactions, consisting of a state change and two molecules binding. This method
can be expanded to many applications, to characterize structure-function inter-
actions and out-of-equilibrium dynamics.
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7 Data Availability

All data in this study is available upon request through contacting the corre-
sponding author.

8 Supplementary Data

Supplementary Data are available at NAR Online.
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Figure 1: Oligo-binding assay for plasmid state determination. A Schematic of
Convex Lens-induced Confinement (CLiC) microscopy. A flow cell is created
by adhering two cover slips with double-sided tape. Micrometer-sized pits were
etched into the bottom cover slip using lithographic techniques. The top cover
slip is depressed with a convex lens to trap molecules in the pits for prolonged
observation. For illustrative purposes, a mean value of one plasmid per pit
is shown, though in experiments on average there are 23 plasmids and 0.82
oligos per pit. B The supercoiled plasmid is modeled as transitioning between
an open O and closed state C. This is a simplification which assumes that
the unwinding site is the only structure present in the plasmid. Estimates of
the opening and closing rates are implicitly affected by the presence of other
structures, indicated here by a question mark. C An oligonucleotide can bind
to an open site to form a bound oligo-plasmid complex. Oligo unbinding was
so slow that for the purposes of our experiments, this reaction was assumed
to be irreversible. D Approximately 400 pits can be observed in a single field
of view. Bound oligos are characterized by their slower diffusion relative to
free oligos. Circles indicate pits containing bound oligos. The total number of
bound oligos is counted in each video. Inset shows pits containing 0, 1, 2 or 3
bound oligos. E The number of bound oligo-plasmid complexes averaged over
10 videos as a function of time of the plasmid pFLIP-FUSE (o = -0.10 + 0.01)
interacting with a 20 bp long oligonucleotide at a series of temperatures. Error
bars represent the standard error of the mean. Plasmids were kept at 4°C prior
to the start of the experiment, when they were mixed with oligo and brought
to the experimental temperature.

22



>

1100
tinc
———150

J ‘ 4 ‘ ‘
60 -30 0 30 60 90

(C=m=]
T (°C)

s MY . 4
S d !
SIS 15
gotchh .1

o 3h 1354 $
144h i i
-60 -30 O 30 60 90
time (min)

t 1100
F’&_' _50

‘ s S ‘ ‘
-60 -30 O 30 60 90

i o

100 {
80 |

(C=m=]
T (°C)

T

inc
Oh 60 |
3h
23h
144h 20|
no heating

-60 -30 0 60 90
time (min)

40 |

Binding per 400 wells
00O

o

Figure 2: The number of fluorescent oligos bound to pFLIP-FUSE (o = -0.062
+ 0.006) molecules per 400 pits, averaged over 10 videos, as a function of pre-
experiment temperature treatment. A pFLIP-FUSE plasmids were heated from
4°C to 37°C and held at this temperature for either 0 h, 3 h or 144 h prior to
the addition of the oligo and oxygen scavengers at t = 0 s. B Plasmids were
heated to 95°C for 1 min and cooled to 37°C at a rate of 5°C/min to prevent
mismatching. Plasmids were then held at 37°C for either 0 h, 3 h, 23 h, or
144 h, prior to the addition of the oligo and oxygen scavengers at t = 0 min.
The “no heating” curve (brown curve) is the 0 h curve from the graph in (A)
and is included for scale. Brackets indicate areas of the same scale between (A)
and (B). Fits are generated using the parameters in Table 1. All error bars
represent the standard error of the mean. Top traces indicate the temperature
of the plasmids. The decrease to room temperature just before time 0 indicates
when the sample was transferred from the thermal cycler to the microscope.
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Figure 3: The number of fluorescent oligonucleotides bound to pUC19 (o =
-0.054 £ 0.006) molecules per 400 pits, averaged over 10 videos, with respect to
different pre-experiment temperature treatments. A pUC19 plasmids were held
at 95°C for either 1 min, 30 min, 60 min or 120 min before being cooled to 37°C
at a rate of 5°C/min prior to the addition of the oligo and oxygen scavengers
at t = 0 min. B Plasmids were heated to 95°C for 60 min and cooled to 37°C
at a rate of 5°C/min. Plasmids were then held at 37°C for either 0 h, 3 h, or
20 h, prior to the addition of the oligo and oxygen scavengers at t = 0 min. The
control (brown curve) on both graphs is pUC19 that had been heated directly to
37°C prior to the addition of the oligo. Curves are fitted using the parameters
in Table 1. All error bars represent the standard error of the mean. Top traces
indicate the temperature of the plasmids. The decrease to room temperature
just before time 0 indicates when the sample was transferred from the thermal
cycler to the microscope. 24
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Figure 4: Secondary structures present in the plasmids pFLIP-FUSE (¢ = -0.10
+0.01, (A-B)) and pUC19 (o =-0.097 £ 0.009, (C-D)). A Schematic illustrating
the location of the FUSE region and a cruciform region in pFLIP-FUSE with
respect to the Ncol-HF cut site and origin of replication (Ori). C Schematic
illustrating the location of the two unwinding sites in pUC19 with respect to the
HindIIT cut site and origin of replication (Ori). B, D Potassium permanganate
footprinting analysis illustrating secondary structures present in pFLIP-FUSE
(B) or pUC19 (D) when directly heated to 37°C (left lane, -) or heated to
95°C and cooled to 37°C (right lane, +). After heating, plasmids were treated
with potassium permanganate, then cut with either Ncol-HF (pFLIP-FUSE) or
HindIII (pUC19) followd by an S1 nuclease treatment. The S1 nuclease cut the
plasmids at the structures indicated in (A) and (C), if they were present.
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