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ABSTRACT: A kinetoplast is a complex catenated DNA network that bears resemblance to a Wi
two-dimensional polymeric system. In this work, we use single-molecule experiments to study ; -
the transient and steady-state deformation of kinetoplasts in a planar elongational field. We 0.0
demonstrate that kinetoplasts deform in a stagewise manner and undergo transient deformation 15
at large strains, due to conformational rearrangements from an intermediate metastable state. 30

Kinetoplasts in an elongational field achieve a steady-state deformation that depends on strain
rate, akin to the deformation of linear polymers. We do not observe an abrupt transition between £
the nondeformed and deformed states of a kinetoplast, in contrast to the coil—stretch transition

for a linear polymer.

A fundamental aspect of polymer physics is to understand
the effects of molecular topology on the dynamics of
polymeric materials. It is well-known that the rheological
response of entangled linear polymers' is drastically different
from that of entangled ring” and branched polymers.”* To
date, most studies on polymer dynamics have focused on
linear, ring, and branched polymers. The dynamics of
entangled polymers, such as knotted®™” and topologically
linked ring polymers,g’9 has also garnered much attention. With
the emerging interest in two-dimensional materials for their
unique physical and chemical plroperties,10 coupled with recent
advances in synthesizing planar macromolecules,'’ there is a
desire to study polymers with planar structures, for example,
polycatenanes'>'* and Olympic gels."*

Single-molecule techniques provide a powerful approach for
studying the link between polymer topology and dynamics."
Over the past few decades, single-molecule experiments have
been widely used to probe the behavior of double-stranded
DNA as a model polymer. Through the direct visualization and
precise manipulation of individual DNA molecules, single-
molecule experiments have been instrumental in addressing
key concepts of polymer physics that are not easily investigated
using bulk ensemble methods, such as molecular individu-
alism'®"” and conformational hysteresis."® Single-molecule
studies of polymers with different topologies are enabled by
the physical and biological characteristics of DNA, which allow
molecular biology tools to be leveraged for the preparatlon of
DNA with nonlinear topologies, in particular, ring'® and
branched DNA.”® While polymers with nonlinear topologies
have been investigated on the single-molecule level, there are
yet to be studies on polymers with complex, sheet-like
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structures, primarily due to the lack of a suitable experimental
system.

Recently, our group proposed the kinetoplast as a model
system for studying two-dimensional polymer systems.”' A
kinetoplast is a complex network of topologically interlinked
circular DNA, consisting of a few thousand minicircles (0.5—
2.9 kbp) and several dozen maxicircles (20—40 kbp).”> A
kinetoplast from the trypanosomatid Crithidia fasciculata has
approximately S000 minicircles (~2.5 kbp) and 25 maxicircles
(~40 kbp).”” Each minicircle is linked on average to three
other minicircles (i.e, minicircle valence of three), and the
topologically linked maxicircles are threaded through the
minicircles, hence, forming a network within a network.”
When visualized by fluorescence microscopy, kinetoplasts in
good solvents appear as cup-shaped sheets with a diameter of
~5 pum and thickness of ~3 ym.”" Found in the mitochondrial
DNA of trypanosomatid parasites, the kinetoplast has attracted
considerable interest from a microbiology point of view,””” >
but little is known about the material properties of the network
structure.

A two-dimensional polymer is a topologically planar sheet
with laterally connected repeat units.'” A kinetoplast is a two-
dimensional catenated network that bears resemblance to a
two-dimensional polymeric system. One minicircle has a fully
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stretched contour length of <5 Kuhn lengths and can be
viewed as an effective bond in a coarse-grained model of a two-
dimensional polymer. Our previous work showed that
kinetoplasts deform elastically when squeezed into a micro-
fluidic channel with weakly confining dimensions.”’ In this
study, we use single-molecule experiments to investigate the
deformation response of kinetoplasts in a planar elongational
field. We observe the transient and steady-state deformation
dynamics of kinetoplasts subjected to a planar elongational
field and use the well-studied dynamics of linear polymers as a
framework for understanding the deformation of kinetoplasts.
Our results demonstrate that, like linear polymers, kinetoplasts
in a planar elongational field achieve a steady-state deformation
that is dependent on strain rate. Unlike linear polymers,
kinetoplasts can undergo transient conformational changes at
large accumulated strains, owing to the interplay between
topology, bending resistance, thermal fluctuations, and force
imposed by the field gradient.

In this study, experiments were conducted in 5 ym tall cross-
slot polydimethylsiloxane (PDMS) channels. Independently
applied potentials to opposite arms of the cross-slot channel
allowed for control over the location of the stagnation point
and manual trapping of kinetoplasts at the stagnation point for
long observation times.”*"** Kinetoplast DNA from Crithidia
fasciculata (TopoGEN) was stained with fluorescent dye
YOYO-1 at a base pair to dye ratio of 8:1 and diluted into
experimental buffer containing 4 vol % S-mercaptoethanol and
0.1% 10 kDa polyvinylpyrrolidone in 0.5X Tris—boric acid—
EDTA solution. Molecules were visualized using an inverted
Zeiss Axiovert microscope with a 63X 1.4 NA oil-immersed
objective, and images were acquired by a Photometrics Prime
95B sCMOS camera. See Supporting Information (SI) for
additional experimental details.

According to the principle of electrohydrodynamic equiv-
alence proposed by Long et al.,*” the electrophoretic stretching
force on a DNA molecule is equivalent to the hydrodynamic
drag force exerted by a flow, with the hydrodynamic velocity in
the flow field equal to the electrophoretic velocity in the
electric field. The kinematics of a planar elongational electric
field is hence described by**~**

v, = uE, = éx
v, = UE, = —¢y

where v, and v, are the velocities in the x and y directions,
respectively, 4 is the electrophoretic mobility, E, and E, are the
electric fields in the x and y directions, respectively, and € is the
strain rate. The imposed strain rate was calibrated against
applied voltage®® and changed by varying the applied voltage.
The deformation of a polymer molecule in an elongational field
can be characterized by the Weissenberg number (Wi), which
describes the ratio of elastic to viscous forces and is defined as
the product of strain rate and longest relaxation time of the
polymer molecule, 7:

Wi=¢ér

The replication of a kinetoplast involves the replication of each
minicircle and maxicircle in the network, followed by the
segregation into two equal-sized progeny networks.”’ During
replication of the minicircles, the size of the network does not
change, which is hypothesized to result in the observed
increase in network density and increase in minicircle valence
from three to six. After replication of the minicircles is
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complete, the network goes through a remodeling process,
during which the network doubles in size and the minicircle
valence decreases to three. The replicated network then splits
to form two daughter networks.””** A population of
kinetoplasts consists of kinetoplasts isolated at different stages
of the replication cycle, hence, we observe kinetoplasts of a
range of sizes, with equilibrium major axis lengths ranging
between 4 and 11 pm. Despite the heterogeneity in underlying
structure and connectivity, each kinetoplast represents a
catenated DNA network. The overall goal of this work is to
gain insight into the deformation of two-dimensional catenated
networks by studying the deformation of kinetoplasts.

Each experiment consisted of deforming a kinetoplast at
various strain rates and observing the relaxation of the
kinetoplast following weak perturbation from equilibrium. A
kinetoplast was electrophoretically driven to the stagnation
point of the cross-slot channel and allowed to relax at
equilibrium for ~30 s. The field was switched on and the
kinetoplast was subjected to a strain rate between 0.7 and 1.2
s™'. After observing the kinetoplast for at least 1 min, the field
was switched off and the kinetoplast was allowed to relax back
to equilibrium. The strain rate was then increased and the
procedure was repeated. Kinetoplasts on the small end of the
size range do not deform significantly within the exper-
imentally feasible range of strain rates, hence we opted to
examine larger kinetoplasts, kinetoplasts with an equilibrium
major axis length > 7.5 pm, for this study (see SI).

Inspired by methods to quantify the deformation of a red
blood cell,*”*' we measure the extent of deformation of a
kinetoplast by the deformation index (DI), defined as

Ly —L
DI==M ™m
Ly+L,

where Ly and L, are the lengths of the major and minor axes,
respectively. The DI can vary between 0 and 1, where 0
represents a circle and 1 represents an infinitely thin rod. We
highlight that because kinetoplasts are rotationally asymmetric,
the measured DI is dependent on the orientation of the
kinetoplast with respect to the viewing plane.”’ The use of 5
um tall channels in this study served to weakly confine the
larger kinetoplasts and generally orient them to be either face
up or face down at equilibrium.

To measure the relaxation time of a kinetoplast, the
kinetoplast was weakly perturbed from equilibrium at a strain
rate between 1.2 and 1.7 s7%, and the major and minor axis
lengths of the kinetoplast during relaxation back to equilibrium
were observed. Multiple deform—relax cycles were performed
for each kinetoplast. The evolution of average DI with time
during the relaxation process was fit to a single-exponential
decay to extract a relaxation time for each kinetoplast. The
measured relaxation times for the ensemble of kinetoplasts
studied range from 0.4 to 1.8 s (see SI for more details).

Due to differences in topology and size, each individual
kinetoplast has a different deformation behavior. Figure 1
shows the deformation trajectories of a select kinetoplast at
various Wi, based on which we can make two key observations.
First, the kinetoplast attains a steady-state deformation at large
strain (€ = ét) in an elongational field. As seen from Figure 1a,
for all Wi considered, the DI versus strain curves plateau at a
steady-state value by SO units of strain. Second, the larger the
Wi, the greater the extent of kinetoplast deformation. This is
evidently seen by comparing the snapshots of the kinetoplast at
steady-state in an elongational field of Wi = 1.2 versus 4.8. At
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Figure 1. Stretching of a select kinetoplast. (a) Deformation index
(DI) vs accumulated strain (e = ét) at different Wi. The relaxation
time of the kinetoplast is 1.7 s. (b) Snapshots of the kinetoplast
corresponding to the traces in (a). Scale bar represents S ym.

Wi = 1.2, the deformed kinetoplast bears some resemblance to
its equilibrium shape, with the two lobes of the structure
clearly visible; at Wi = 4.8, the kinetoplast takes on a highly
elongated shape, with the two lobes being tightly squeezed
together such that the kinetoplast appears as a flattened disk.
We note that such deformation behavior is generally similar to
that observed with linear polymers,'®'” as well as ring,*
branched,”® and knotted polymers.”® See Figures $6 and S7 in
the SI for additional deformation trajectories.

Next, we consider in detail the transient deformation
dynamics of kinetoplasts. As seen from Figure 2, the
deformation trajectories of the six kinetoplasts subjected to
different Wi share several features. When the planar elonga-
tional field is turned on, the kinetoplasts deform sharply to a
certain state, typically within two strain units. The kinetoplasts
can stay in a given state for tens of strain units before
undergoing further deformation. For example, the kinetoplast
depicted in Figure 2c experiences about 75 units of strain
before going through a second deformation to a more
elongated shape. In comparison, linear lambda bacteriophage
DNA with a contour length of 22 um typically achieves steady-
state extension in a planar elongational field within 10 strain
units.'"”** We note that the deformation of kinetoplasts is
elastic and all kinetoplasts eventually relax to equilibrium when
the field is turned off.

To probe the stagewise deformation of kinetoplasts that can
occur over large accumulated strains, we focus on the transient
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deformation of a select kinetoplast (Figure 3). We consider the
evolution of the major and minor axis lengths with strain, in
addition to the DI. Shortly after the field is turned on, the
kinetoplast undergoes the first stage of deformation and its
major and minor axis lengths quickly attain steady values. After
about 40 units of strain, the kinetoplast goes through a folding
event in which a rim of the kinetoplast folds over and into its
body. The kinetoplast becomes more compact along the
compressional axis of the field, resulting in a noticeable
decrease in the minor axis length and consequent increase in
DI

In an elongational field, the conformation of a kinetoplast is
determined by a competition between the force exerted by the
field gradient, entropic elasticity, and bending resistance. When
a kinetoplast is subjected to an elongational field, the
topological complexity of the catenated network coupled
with the forces acting on it can lead to the kinetoplast
becoming trapped in a metastable intermediate state.
Eventually, thermal fluctuations can allow the force imposed
by the field gradient to overcome the bending resistance of the
kinetoplast and drive the system to a state of lower free energy,
thereby involving rearrangement of the kinetoplast conforma-
tion. Figure 3 depicts an example of a kinetoplast that remains
in a kinetically trapped state before undergoing a conforma-
tional rearrangement of the network structure, which manifests
as a folding event. While the elongation and compression of a
linear polymer are coupled, a kinetoplast can undergo
compression without elongation via rearrangement of the
network conformation. In this case, it is the compressional axis
of the planar elongational field that drives the folding event and
further deformation of the kinetoplast. It is interesting to note
that simulations of polyelectrolytes with strong counterion
couplings in electric fields have shown that molecules can
become trapped in metastable backfolded states during the
transition from a compact to an elongated state.”> We highlight
that it is possible for the kinetoplast to rotate out-of-plane
during deformation, but the changes in major and minor axis
lengths associated with reorientation are small relative to the
dramatic changes induced by conformational rearrangement.
See SI for further discussion and movies (movies S1, S2, and
S3) of transient kinetoplast deformation.

Having examined the transient deformation of kinetoplasts,
we now consider the steady-state dynamics of kinetoplasts in a
planar elongational field. All kinetoplasts were observed for at
least 50 units of strain at each Wi. If the kinetoplast exhibits
stagewise deformation, the steady-state DI is the average DI at
the plateau of the final distinct stage. Otherwise, the steady-
state DI is taken to be the average DI of the kinetoplast after
20 strain units. We point out that the reported steady-state DI
values can represent the kinetoplast in a metastable or stable
state. Figure 4 presents a plot of the steady-state DI for an
ensemble of 21 kinetoplasts as a function of Wi. Given the
heterogeneity in underlying topology of the kinetoplasts, it is
unsurprising that the DI-Wi curves of the different
kinetoplasts do not collapse onto a universal curve. Nonethe-
less, we observe overall characteristics from the ensemble DI—
Wi curves that are similar to that for a linear polymer. Notably,
the steady-state DI values generally increase with Wi and
plateau at high Wi. The maximum DI, which ranges between
0.32 and 0.64 for the kinetoplasts in this study (Figure 4,
inset), is attained at Wi ~ 1.

To further investigate the steady-state deformation dynamics
of kinetoplasts, we look at plots of DI versus Wi for select
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Figure 2. DI vs strain trajectories for six select kinetoplasts and snapshots of the kinetoplasts at various accumulated strains as labeled. Scale bars
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Figure 3. DI, major axis length and minor axis length versus strain
trajectories for a select kinetoplast. The vertical dashed line indicates
when the kinetoplast undergoes a folding event. Snapshots of the
kinetoplast at various accumulated strains as labeled. Scale bar
represents S ym.

individual kinetoplasts (Figure S). Based on the individual DI—
Wi plots, the deformation versus Wi curves for kinetoplasts do
not appear to take on a universal shape, with some kinetoplasts
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Figure 4. Steady-state DI vs Wi for an ensemble of 21 kinetoplasts.
Error bars represent 95% confidence intervals and are smaller than the
symbols. Inset: Histogram of maximum DI attained by the
kinetoplasts.

deforming sharply over a narrow Wi range (Figure Sa,b) and
others deforming more gradually with increasing Wi (Figure
Sc—e). In a planar elongational field, linear polymers display a
sharp coil—stretch transition.'®'” A feature of the coil—stretch
transition is an increase in steady-state chain extension
fluctuations in the vicinity of the critical strain rate, with the
peak maognitude of fractional extension fluctuations reaching
~0.1.”**° We can examine the steady-state conformational
fluctuations for kinetoplasts by measuring the standard
deviation of the steady-state DI values (Figure S, inset). As
seen from the standard deviation of steady-state DI versus Wi
plots, there is no discernible trend in conformational
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fluctuations with respect to Wi. In particular, for the
kinetoplasts in Figure Sa,b that undergo a sharp transition
from a nondeformed to deformed state, the degree of
conformational fluctuations remains relatively constant over
the range of Wi considered.

While analogies between linear polymers and kinetoplasts
arise naturally, the physical similarities between kinetoplasts
and red blood cells in terms of shape and size also motivate
comparisons between their dynamics. Our previous study
estimated the bending rigidity of kinetoplasts to be 1.8 X 107"
J,*" identical to the membrane bending modulus found for red
blood cells.”” When subjected to an elongational flow imposed
by a hyperbolic contraction in a microchannel, red blood cells
elongate from a circular to elliptical shape, with the degree of
deformation dependent on the flow rate. The DI values of the
red blood cells increase with particle Reynolds number (Re)
and begin to plateau at Re ~ 1.** The saturated DI value for
red blood cells at high elongational stress is reported to be
about 0.6,%° similar to the maximum DI values attained with
kinetoplasts. The red blood cells relax back to their or?inal
shape after flowing through the hyperbolic contraction,”””* an
indication of elastic deformation. It is striking to see both
quantitative and qualitative similarities in the deformation
behaviors of kinetoplasts and red blood cells, despite the
fundamental differences in structure.

In this work, we studied the transient and steady-state
deformation dynamics of kinetoplasts in a planar elongational
field. Unexpectedly, we demonstrated that kinetoplasts can
undergo stagewise deformation at large strains, as a result of
conformational rearrangements from a metastable intermediate
state. Kinetoplasts can attain a steady-state deformation, and
the extent of deformation increases with Wi. By examining the
conformational fluctuations of kinetoplasts at steady-state, we
note the absence of an abrupt transition between the
nondeformed and the deformed states, in contrast to the
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coil—stretch transition for a linear polymer. Our study provides
valuable insight into the deformation behavior of a two-
dimensional catenated network, and we hope that this
motivates future studies into the dynamics of kinetoplasts,
which can be used to understand the dynamics of two-
dimensional polymers.
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Movie S1: Transient deformation of the kinetoplast
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presented in Figure 3 (MP4)
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