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ABSTRACT: A kinetoplast is a planar network of catenated DNA rings with topology that
resembles that of chain mail armor. In this work, we use single-molecule experiments to probe
the conformation of kinetoplasts confined to slits. We find that the in-plane size of ;5 Moceooo o000 o
kinetoplasts increases with degree of confinement, akin to the slitlike confinement of linear = &
DNA. The change in kinetoplast size with channel height is consistent with the scaling —
prediction from a Flory-type approach for a 2D polymer. With an increase in extent of
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confinement, the kinetoplasts appear to unfold and take on more uniform circular shapes, in
contrast to the broad range of conformations observed for kinetoplasts in bulk.

fundamental understanding of how polymers behave in

confinement is an area of scientific interest with
significance in a broad range of contexts. From a polymer
physics perspective, it is well-known that polymers exhibit
markedly different properties in confined geometries than in
bulk.' From a practical standpoint, the study of confined
polymers has implications for fields ranginf from polymer
crystallization™” to polymer nanocomposites.”

Since the emergence of single-molecule experiments about
three decades ago as a tool to examine polymers on the
molecular level, double-stranded DNA has been widely
investigated as a model polymer.”” Concurrent advances in
microfabrication techniques have enabled experimental inves-
tigations into DNA molecules in well-defined confined
geometries.~'” Given the significant role of DNA in molecular
biology, the probing of nanoconfined DNA molecules is
further motivated by an understanding of various biological
processes, such as DNA packaging in vivo,”'* and the
development of next-generation genomic technolc_)%ies, includ-
ing genome mapping and nanopore sequencing.b’ ©

The conformation of a polymer in bulk is determined by a
balance between entropic elasticity and excluded volume.'
When a linear polymer chain with persistence length p is
confined to a geometry with at least one dimension d smaller
than the equilibrium size in bulk Rg},,y, the polymer deforms
to an extent dependent on the degree of confinement. Under
moderate confinement (de Gennes regime), Ry > d >> p,
excluded volume interactions give rise to elongation of the
polymer. The behavior of the confined polymer can be
characterized using blob theory, with the chain bein; described
as a string of self-avoiding blobs with diameter d.""~"” As the
channel dimension approaches the persistence length, the
chain is rigid over length scales on the order of the confining
dimension, and the interplay between confinement and chain
stiffness dominates the physics. Under strong confinement
(Odijk regime), p > d, any backfolding is energetically
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unfavorable, and the chain can be viewed as a series of
deflection segments off the walls.”

The statics and dynamics of linear DNA in confinement
have been widely studied using both experiments®™'* and
simulations.”’ ~** There is recent interest in polymers with
more complex topologies, such as knotted,>*2° ring,27_30 and
branched polymers,” ~*° yet the behavior of DNA with
complex topologies in confined geometries remains largely
unexplored, especially from an experimental approach. In
particular, the effect of confinement on the conformation of
molecules with sheet-like structures is intriguing not only from
a physics viewpoint but also for its relevance to confined self-
assembly or polymerization of sheets.**

Recently, our group proposed the kinetoplast as a model
system for the facile experimental study of two-dimensional
(2D) catenated polymers.*>*® A kinetoplast is a planar
network of topologically interlocked circular DNA and bears
resemblance to chain mail armor. The kinetoplast topology is a
subset of the more general Olympic gels.”” Kinetoplasts from
the mitochondria of the trypanosomatid Crithidia fasciculata
contain approximately SO00 minicircles (~2.5 kbp) and 25
maxicircles (~40 kbp).”*~*" The topological complexity of the
kinetoplast arises from mechanical bonds in the network, yet
each minicircle with a fully extended contour of ~5 Kuhn
lengths can represent an effective bond in a coarse-grained 2D
polymer model.

In this work, we use single-molecule experiments to probe
the conformation of kinetoplasts in slitlike confinement.
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Through the observation of kinetoplasts in channels of varying
heights, we quantify the confinement effects on kinetoplast size
and shape. Similar to linear polymers, the in-plane size of
kinetoplasts increases monotonically in slitlike confinement.
The change in size with channel height is consistent with the
scaling prediction based on a generalized Flory approach for a
2D polymer. Surprisingly, as the degree of confinement
increases, the kinetoplasts unfold, and the resulting shapes
transition from being highly anisotropic to highly isotropic.

In bulk solution, kinetoplasts adopt the conformation of a
cup-shaped sheet with ~5 pm diameter and ~3 um
thickness.”> We observe a range of sizes and shapes in a
given population of kinetoplasts at equilibrium,*>*° attribut-
able to the kinetoplasts being extracted at different stages of
the replication cycle and the unique connectivities of the
underlying structures.”® *’ In this study, experiments were
conducted in straight channels 40 ym wide and ~1 cm long,
with heights h ranging from 0.5 to 3 pm. Kinetoplast DNA
from Crithidia fasciculata (TopoGEN) was stained with
fluorescent dye YOYO-1 at a base pair to dye ratio of 8:1
and allowed to equilibrate overnight. Prior to experiments, the
DNA solution was diluted into experimental buffer containing
4 vol % of P-mercaptoethanol and 0.1% 10 kDa poly-
vinylpyrrolidone in 0.5X tris-borate-EDTA (TBE) solution.
Kinetoplasts were driven into the channel by electrophoresis
and allowed to relax at equilibrium for ~30 s before image
acquisition. Each kinetoplast was observed for 1000 frames at a
frame rate of 25 frames per second (40 s). For each channel
height, averages were taken over all frames for each kinetoplast
and ensembles containing 70—130 kinetoplasts. We used an
inverted Zeiss Axiovert microscope with a 63X 1.4 NA oil-
immersion objective to visualize molecules and recorded
images using a Photometrics Prime 95B sCMOS camera. See
the Supporting Information (SI) for additional experimental
and image analysis details and representative images of
kinetoplasts confined to different channel heights.

Figure 1 shows a montage of fluorescence images of
kinetoplasts in channels of different heights (see Figure S1

Figure 1. Images of different kinetoplasts in channels of different
heights as labeled. Each image is a projection averaged over four
frames. Scale bars represent 5 ym.

for images in bulk), based on which we can make a few
qualitative observations. First, as the channel height decreases
and degree of confinement increases, the kinetoplasts generally
increase in size and display less diverse conformations.
Kinetoplasts in a 3 ym tall channel can form a wide range of
shapes, whereas kinetoplasts in a 0.5 ym tall channel tend to be
uniformly circular. Second, the fluorescence patterns of
kinetoplasts differ across channel heights. Previous work
from our group® noted that kinetoplasts in bulk display
bright edges when visualized under fluorescence microscopy,
likely due to the dense fibrils observed at the periphery of the
network. This is also observed from the images of kinetoplasts
for h > 1 ym. On the contrary, kinetoplasts in a 0.5 um tall
channel display a notably different fluorescence pattern, with
the interiors of the molecules exhibiting patchiness in intensity.
It appears that increasing confinement serves to gradually
unfold kinetoplasts, with the kinetoplasts in 0.5 pm tall
channels flattened into highly isotropic shapes and revealing
symmetric, recurring motifs in the intensity patterns that we
believe to be related to the intrinsic structure of the catenated
network. While kinetoplasts in bulk appear to be heteroge-
neous, the homogeneity in shape and size upon strong
confinement suggests systemic patterns in the underlying
topologies. See Figure S2 for more images of kinetoplasts in
0.5 pm tall channels.

To quantify the size of kinetoplasts, we determine the major
axis length (L), minor axis length (L,,), and radius of gyration
(Rg) from the 2D projection of each kinetoplast. The major
and minor axis lengths were calculated based on the
eigenvalues of the radius of gyration tensor, and the radius
of gyration was determined as the square root of the trace of
the same tensor (see SI). As seen from Figure 2a, the mean in-
plane R of kinetoplasts increases with a decrease in channel
height, similar to that observed for linear DNA in slitlike
confinement.”'’ Confining a polymer to a slit leads to a
reduction in the dimension of the polymer in the channel
height direction, which results in an increase in monomer
density. The consequent increase in excluded-volume inter-
actions causes the polymer to expand in the unconfined plane.
We note that the mean Ry does not vary much for h > 1 pm,
compared to the differences in size upon further confinement
at h < 1 um. See the SI for discussion of kinetoplast size and
shape fluctuations in time.

We can understand the quantitative change in kinetoplast
size with channel height by developing a Flory-type scaling
argument for a 2D polymer confined in a slit geometry. Given
the strong self-avoidance of DNA, we expect the kinetoplasts
to be in a flat phase."'~*’ This leads to a generalized Flory
exponent of v = 1, and two-body interactions are determined
to be mean-field relevant for the polymer system.”* The
conformation of a polymer is determined by a balance between
the elastic and excluded volume interaction contributions to
the free energy. For a D-dimensional polymer in slitlike
confinement, the Flory free energy is described by

R(Z; 1/1\’2D

F
T NP hRS (1)

kg
where Rg is the size of the confined polymer; N is the number
of monomers in a given direction; b is the Kuhn length; v is the
mean-field approximated excluded volume parameter; and h is

the slit height. Minimizing the free energy for D = 2, we arrive
at the equilibrium size of the polymer, given by*
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Figure 2. Ensemble average size of kinetoplasts. (a) Mean radius of
gyration Rg as a function of channel height 4. Inset: same data shown
on a log—log plot. The dotted lines represent a fit to Rg = ah’,
yielding # = —0.23 + 0.13. (b) Mean major and minor axis lengths as
a function of channel height. Error bars represent 95% confidence
intervals.

1/1/4171/2N
h1/4 (2)

1/4

Rg ~

We note that the scaling prediction Rg ~ h™" is the same as
that for a linear polymer confined to a slit in the de Gennes
regime.1 Interestingly, a computational study on the confine-
ment of star-branched, dendritic, and hyperbranched chains in
slits has reported the scaling of in-plane size with confining
dimension for the different topologies to be similar to that of
linear chains.””

We point out several underlying assumptions of the Flory-
type scaling argument presented. First, we make the simplifying

assumption of uniform monomer density in a kinetoplast. The
density of minicircles within the interior of a kinetoplast has
been measured from electron microscopy images, and only a
small variation was found between measurements at different
locations across different molecules;*® hence, we believe this to
be a reasonable assumption. We acknowledge that this
assumption might be challenged in the strong confinement
regime, in which we begin to see distinct fluorescence patterns
within the kinetoplast interior. However, we also note that
because we use the Flory scaling argument to predict the
largest measurable length scale, such nonidealities might be
averaged out by the mean field approach. Second, we neglect
any entropic contribution from the intramolecular topological
constraints within each kinetoplast. This is supported by recent
work demonstrating that the size of the overlap region of
topologically linked rings adjusts to the blob size for all degrees
of confinement and always remains much larger than the highly
stretched limit.*’

We fit the experimental data for h < 2 ym, over which there
is a notable change in R, and obtain a scaling exponent of
—0.23 + 0.13 (95% confidence interval). Remarkably, despite
the simplified representation of the kinetoplast and mean-field
approximation of the Flory approach, the data appear to follow
the expected scaling prediction. We highlight that the choice to
fit only the three data points that correspond to the smaller
confinement heights is based on the notable difference in Rg
with change in channel height within this range. The lack of an
appreciable change in kinetoplast size with channel height for
h > 2 um suggests that the kinetoplasts are in a transition
regime approaching the unconfined regime, in which we might
expect a different scaling exponent. Similarly, we cannot
exclude that the scaling exponent will be different under
stronger confinement beyond h < 0.5 pm. This will be
interesting to investigate in further studies into the behavior of
catenated polymers in more strongly confined regimes.

To gain further insight into the effects of confinement on
kinetoplast size, we consider separately the change in major
and minor axis lengths with channel height (Figure 2b). For
h > 1.5 um, the mean major axis length of kinetoplasts remains
relatively constant, while the mean minor axis length shows an
increase upon stronger confinement in the same region. This
suggests that the initial response of kinetoplasts to confinement
is expansion preferentially in the direction that affords the
greatest degree of freedom, which also leads to the kinetoplasts
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Figure 3. Anisotropy of kinetoplasts. (a) Histograms of anisotropy for ensembles of kinetoplasts in 0.5, 1, and 3 um tall channels. (b) Mean
anisotropy as a function of channel height. Error bars represent 95% confidence intervals. (c) Standard deviation in anisotropy as a function of
channel height, reflecting the spread in anisotropy within each ensemble.
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becoming more isotropic. For h < 1.5 ym, both mean major
and minor axis lengths increase dramatically with a decrease in
channel height. The differential change in major axis length
around & = 1.5 pum points to the onset of a different
confinement regime, in which it becomes energetically more
favorable to expand radially within the channel. Although
moderate and strong confinement for linear DNA typically
refers to the de Gennes and Odijk regimes, respectively, we
highlight that the validity of such regimes for kinetoplasts is
not yet known. Given the complex topology of the kinetoplast
structure, we expect the same slit height to induce stronger
confinement effects for kinetoplasts compared to linear DNA
with an equivalent Rgp,. In this text, we use moderate
confinement to refer to h > 1.5 pm and strong confinement for
h < 1.5 ym.

We can gauge the relative contributions of the major and
minor axis lengths to kinetoplast size by determining the
anisotropy, defined as the ratio of minor to major axis length:

anisotropy = —&
Ly ©)

An anisotropy value of O represents a straight line, and an
anisotropy value of 1 corresponds to a circular conformation.
Figure 3a shows the distributions of anisotropy for ensembles
of kinetoplasts in channels with & = 0.5, 1, and 3 ym. Despite
some overlap between the distributions at different h, there is a
distinct shift in anisotropies between h = 0.5 ym and h = 3 ym,
with the kinetoplasts subjected to strong confinement also
taking on a narrower range of anisotropy values. See the SI for
distributions of major and minor axis lengths for the same
ensembles. We plot the mean and standard deviation of the
anisotropy values for the kinetoplasts as a function of h
(Figures 3b and c), with the standard deviation reflecting the
spread in anisotropy across an ensemble. As the channel height
decreases, the mean anisotropy increases, and the standard
deviation in anisotropy decreases, indicating that the
kinetoplasts become more isotropic and uniformly shaped
with greater confinement. The increase in mean anisotropy is
larger for moderate confinement compared to strong confine-
ment. This is in alignment with the crossover point at which
the major axis length also changes in response to confinement,
but the monotonic increase in mean anisotropy with increased
confinement reveals that the change in minor axis length with
confinement is always proportionally larger than the
concurrent change in major axis length. We point out that
the distributions of anisotropy are broad and even for linear
DNA confined to a slit with height approximately equal to the
Kuhn length,” in contrast to the histogram shapes for
kinetoplasts under strong confinement. This is due to the
additional degree of freedom afforded to linear (1D) polymers
versus 2D polymers, which allows for exploration of the two-
dimensional space when confined to a slit and adoption of a
variety of shapes.

The variation in kinetoplast shapes at different extents of
confinement can be examined in greater detail by extracting
and comparing the outlines of kinetoplasts between different
ensembles. We use the Chan—Vese active contour algorithm™
to determine the outline of each kinetoplast, the polar
coordinates of which are described by 72 points separated by
S degrees each, and employ principal component analysis
(PCA) to characterize the shape variation of kinetoplasts
confined to different channel heights. By examining the
principal components ordered by decreasing variance (Figure

883

4a), we identify the modes that account for the greatest
variance in each ensemble. We highlight that the principal
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Figure 4. (a) Images of the first four principal components obtained
from principal component analysis of kinetoplast outlines for
kinetoplasts in 0.5, 1, and 3 um tall channels. (b) Mean circular
variance of kinetoplasts as a function of channel height. Error bars
represent 95% confidence intervals.

component modes shown in Figure 4a reflect the variations in
kinetoplast shapes and are represented as radial modulations
with respect to an arbitrary reference circle. Across all channel
heights, the main modes of shape variation, which correspond
to the first principal components, are described by circular
shapes. For h = 0.5 ym and h = 1 um, the second modes are
also circular in shape, whereas for h = 3 ym, the second mode
can be described as being heart-shaped. This is consistent with
the observation that kinetoplasts under moderate confinement
can exhibit shapes with complex edge curvature,” while
kinetoplasts subjected to strong confinement tend to take on
more circular shapes (Figure 1). See SI for details on PCA and
further analysis.

We quantify the extent to which the kinetoplasts in each
ensemble can be described by a circular shape using the shape
descriptor circular variance, defined as’'

1 2
circular variance = —— (||Si - ﬂ|| - /l)
N Z r )

where s = {s;} is the set of N points describing the kinetoplast
outline; p = %Zl s; is the centroid; and y = %Z’ II's; —pll
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is the mean radius. The circular variance is the scaled mean
squared error with respect to a solid circle; hence, a perfect
circle has a circular variance of zero. Figure 4b shows the mean
circular variance of kinetoplast outlines as a function of
channel height. In accordance with observations based on
Figure 1, the mean circular variance decreases monotonically
with an increase in degree of confinement, showing that the
kinetoplasts become increasingly circular upon stronger
confinement.

While kinetoplasts in bulk and moderate confinement can
adopt a wide variety of conformations that remain persistent
over long observation times,”® kinetoplasts under strong
confinement form highly isotropic, circular shapes. The
uniformity of the flattened quasi-2D shapes informs us that
the intrinsic conformations of the kinetoplasts are similar in
terms of overall connectivity, yet the presence of long-lived
buckled shapes in bulk and moderate confinement that vary
from molecule to molecule suggests that there are differences
in the bending energetics that give rise to unique
conformations. It is unclear at this point in time if the
differences in bending energetics arise from local variations in
the density of the minicircles or the topology of the
maxicircles. This poses an interesting problem for potential
investigation using simulations.”>*”

In this work, we studied the conformation of kinetoplasts
confined in slits. Similar to linear DNA, the in-plane Rg of
kinetoplasts increases in slitlike confinement, and the
quantitative change in size can be rationalized by a Flory-
type scaling argument for a 2D polymer. The nonlinear
topology of the kinetoplast gives rise to rich shape behavior,
with the highly anisotropic kinetoplasts becoming highly
isotropic as the extent of confinement increases. Our findings
show similarities between confined linear polymers and
kinetoplasts but also demonstrate the unexpected effects that
stem from the complex catenated structure of the kinetoplast.
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