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ABSTRACT: Conformational phase transitions of macromolecules are an
important class of problems in fundamental polymer physics. While the
conformational phase transitions of linear DNA have been extensively studied,
this feature of topologically complex DNA remains unexplored. We report
herein the polymer-and-salt-induced (¥) phase transition of 2D catenated DNA
networks, called kinetoplasts, using single-molecule fluorescence microscopy.
We observe that kinetoplasts can undergo a reversible transition from the flat
phase to the collapsed phase in the presence of NaCl as a function of the
crowding agent poly(ethylene glycol). The nature of this phase transition is
tunable through varying ionic strengths. For linear DNA, the coexistence of coil
and globule phases was attributed to a first order phase transition associated with
a double well potential in the transition regime. Kinetoplasts, however, navigate
from the flat to the collapsed phase by passing through an intermediate regime,
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characterized by the coexistence of a multipopulation with varying shapes and sizes. Conformations of individual molecules in the
multipopulation are long-lived, which suggests a rugged energy landscape.

tudying the relationship between molecular topology and
functional behavior is a longstanding area of importance in
polymer physics.' > In this regard, linear polymers and their
derivatives (e.g., rings, stars, ladders, knots, and 3D networks)
have been extensively investigated.” However, polymers that
would form molecular objects of a well-defined shape (e.g,
rods, molecular tubes, and sheets) show significant departure
from the linear chain and its derivatives.” The synthesis and
understanding of the physical behavior of these objects are the
subject of contemporary polymer science.” '” Tuning and
controlling the topological constraints plays a vital role in such
systems. In particular, a system of several rings can display a
variety of topological states, including the formation of
catenane with varying degrees of catenation.'”~'* One example
of a natural catenated polymeric system is a kinetoplast.'®'’
A single kinetoplast (kDNA) molecule from trypanosomatid
Crithidia fasciculata is a planar network of approximately 5000
minicircles (~2.5 kbp) and 25 maxicircles (~40 kbp).'® Each
minicircle is on average topologically linked to three other
minicircles.'”"” The much larger maxicircles are topologically
linked by threading through the minicircles, forming a network
within a network.'” A simplified structure of a kinetoplast is
presented in Figure la. The lateral percolation of catenation in
kinetoplasts makes them an example of 2D polymers.”’
Though topologically planar, the kinetoplast is an Olympic
gel.”' Recently, our group has proposed kinetoplasts as a
model system for studying the physical behavior of catenated
polymers.”*™*¢

© XXXX American Chemical Society

WACS Publications

1429

Understanding such a catenated system can advance our
knowledge of 2D polymers. A 2D polymer is a single-layered
polymer that forms a tiling network in two dimensions.””’
Many recent efforts have been directed toward developing and
advancing the synthesis of 2D polymers;”’ however, exper-
imental studies investigating their physical behavior are limited.
Despite their crucial applications,” the conformational
behavior of 2D polymers remains a controversial issue in
literature. For example, while the existence of crumpled and
collapsed phases of 2D polymers was predicted three decades
ago,””* experimental results are still inconclusive. Static light
scattering performed on graphite oxide showed the existence of
a crumpled phase in good solvents and a collapsed phase in
poor solvents.”’ However, a consensus has not yet been
reached.’*’

A recent study showed that rich conformal phases can be
obtained by tuning intramolecular interactions.’”* In dilute
solutions, the conformation of polymer molecules is governed
by the interplay of configurational entropy and intramolecular
interactions that can be tuned by varying the solvent quality.
This feature plays a crucial role in many domains, including
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Figure 1. Internal structure of a kinetoplast and its transition from flat phase to collapsed phase. (a) Schematic diagram of a kinetoplast, a catenated
2D structure made of thousands of connected rings of circular DNA. Under good solvent conditions the kinetoplast shape can be described as a

wrinkled bowl with a bright edge or rim. The zoomed-in image shows the connectivity of minicircles with an average catenation valency of three

45

(maxicircles that represent <0.1% of the total network mass have not been shown for simplicity). (b) Schematic diagram representing three phases
of a kinetoplast in the presence of NaCl salt with increasing concentrations of PEG (% wt/vol). (c) Fluorescence images of different kinetoplasts
inside a 2 pm tall channel showing a gradual decrease in size with increasing PEG concentration in the presence of 100 mM NaCl. Molecules
navigate from flat (0—10% PEG) to collapsed phase (17—25% PEG) by passing through a transition regime (14—16% PEG).

medicine, molecular biology, and materials science. For
example, nanopore-based DNA sequencing depends on the
speed of DNA translocations that can be controlled by tuning
solvent quality.”” It has been shown that DNA molecules can
be spontaneously collapsed by excluded volume interactions in
solutions containing sufficient concentrations of neutral
polymers and salts.**™* Polymer-and-salt-induced (¥) con-
densation of linear DNA has greatly contributed to the
understanding of the conformal behavior of linear polymers in
theta and poor solvents and to the packing of DNA in vivo."’
Despite its fundamental importance in biology and materials
science, W-condensation of ring and catenated polymers has
not yet been explored. Direct observations of single molecules
to study such phase transitions would be beneficial. Combining
fluorescence microscopy with microfluidic channels presents
an ideal platform for such experiments.”” In this Letter, we
report the W-phase transition of kinetoplasts using poly-
(ethylene glycol) (PEG) as the crowding polymer in the
presence of NaCl inside microfluidic channels.

Experiments were conducted in straight channels with a 2
pum height, 40 pum width, and 1 cm length. Our prior work
shows that this channel height orients kinetoplasts for ease of
imaging and only moderately confines the molecules.”” kDNA
from Crithidia fasciculata (TopoGEN) was stained with
YOYO-1 fluorescent dye at a base pair to dye ratio of 8:1
and allowed to equilibrate overnight at 4 °C. Stock solutions
and samples were prepared in 0.5X tris-boric acid-ethyl-
enediaminetetraacetic acid (TBE) buffer. See Supporting
Information (SI) for additional experimental details.

A montage of fluorescence images of kinetoplasts inside a 2
um tall microfluidic channel in the presence of 100 mM NaCl
with varying concentrations of PEG (MW 10000 Da) is shown
in Figure lc. The image represents a single frame (frame
number 137, chosen arbitrarily) out of 1000 frames recorded
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for each kinetoplast. Each row displays the typical shape and
size variability of molecules at a fixed concentration of PEG
from which we can infer the following qualitative information.
At low concentration (up to 10% wt./vol) of PEG, all the
molecules have a nearly elliptical shape, and the outline of the
molecules could be clearly identified. The observation of bright
edges was attributed to the dense fibril at the periphery of the
kinetoplast network.'® This observation was consistent with
previous work from our group.””** These molecules have flat
conformation under the nomenclature of 2D polymer physics.
On the other hand, at higher concentrations (17—25% wt/vol)
of PEG, all the molecules were highly compacted and showed a
high degree of uniformity in the intensity distribution.
Furthermore, the shape and size of the molecules were highly
uniform and appeared to have rotational symmetry and hence
belong to the collapsed phase. This depicts the ¥-phase
transition of kinetoplast molecules, which transforms from flat
to collapsed phase at higher PEG concentrations in the
presence of NaCl. Interesting features can be seen at the
intermediate (transition) regime (14—16% wt/vol) of PEG
concentration, where molecules appeared neither in the flat
nor the collapsed phase. Molecules in this regime contained
bright spots on their surface. These spots appeared to increase
in size with PEG concentration and become hard to resolve at
16% PEG. The appearance of local bright spots (herein
referred to as “local foci”) is analogous to the “beads on a
string” or “pearl necklace” structure during the coil—globule
transition of linear polymers.””** The intricate features of
these local foci will be discussed later. A schematic
representing typical conformation of the kinetoplast in
different regime is presented in Figure Ib.

To have a quantitative evaluation of the kinetoplasts
conformation as a function of PEG concentration, we
calculated the radius of gyration (R,) from the 2D projection
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Figure 2. Size distribution of kinetoplasts and confocal microscopy. (a) Violin plots presenting the size (radius of gyration, R,) distribution of
kinetoplasts at varying concentrations of PEG in the presence of 100 mM NaCl. The central solid line shows the median, while the dotted lines
represent the ends of the first and third quartiles. The median as a function of PEG concentration decreases gradually, a characteristic of second-
order phase transition. (b) Confocal microscopy images of kinetoplasts in the flat phase (0% PEG), transition regime (15% PEG), and in the
collapsed phase (20% PEG).
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Figure 3. Temporal stability of intermediate structures and reversibility of collapsed phase. (a) Representative kinetoplast molecules in the
transition regime (100 mM NaCl, 14% PEG) imaged up to a temporal span of 45 min showing no significant evolution in their appearance. (b)
Left panel shows a schematic presenting the experimental procedure to evaluate conformational reversibility after compaction, and corresponding
imaged molecules are presented on the right panel.

of the intensity of each kinetoplast. Assuming that the number of foci as well as in the location of the foci between
fluorescence intensity is proportional to the mass density of individual kinetoplast (see Figure S1 for additional molecules
the kinetoplast, R, maps the kinetoplasts extension in a plane.” containing local foci). Similar features have been observed
Here, R, was determined as the square root of the trace of the using atomic force microscopy in other works that studied
radius of gyration tensor.”® Violin plots representing the kinetoplasts compaction driven by protein-mediated bridging
distribution of R, for each PEG concentration are shown in interaction.” On the contrary, at 20% PEG, the nature of the
Figure 2a. The width of each violin plot corresponds to the molecules is homogeneous. Using confocal microscopy, it
frequency of the data points in each region. The central solid became apparent that some molecules were not perfectly
line shows the median, while the dotted lines represent the symmetrical in shape, and anisotropy can be observed even in

ends of the first and third quartiles. It can be inferred that the the collapsed phase.
median of R, decreases gradually with increasing PEG Next, we studied the phase stability and reversibility of the
concentration. It saturates, however, at higher PEG concen- kinetoplast (Figure 3). We found that the conformation
tration. This kind of gradual transition is a signature of second- adopted by individual kinetoplasts in the presence of NaCl and
order phase transitions."’ PEG is stable over a long period of time at a given
One interesting observation in the microscopy images at concentration of PEG. A typical example is presented at the
transitional PEG concentrations (14—16%) is the appearance intermediate concentration (14% PEG) in Figure 3a.
of local foci. The appearance and nature of these foci can be Molecules were imaged up to a temporal span of 45 min
better observed through confocal microscopy. Figure 2b with no significant evolution in their size or shape observed.
depicts confocal images of kinetoplasts in the flat phase (0% This observation suggests that the structure (local foci) in the
PEG), the transition region (15% PEG) and in the collapsed transition regime is temporally stable. To investigate the
phase (20% PEG). Cup shaped molecules with a clear and reversibility of the phase transition, we prepared kinetoplasts in
bright edge or rim can be seen at 0% PEG, consistent with 20% PEG solution (100 mM NaCl). We then divided the stock
earlier reports.zz’25 At 15% PEG, the conformation of the solution into two aliquots. The first aliquot was observed to
molecules is distinct from the flat or collapsed phases, and it is confirm the collapsed phase. The second aliquot was diluted 2-
not possible to distinguish a distinct edge or rim around the fold in 0.5x TBE buffer (containing 100 mM NaCl and 4% -
molecules. Furthermore, the kinetoplasts in this condition are mercaptoethanol) for a final PEG concentration of 10% PEG
highly heterogeneous, and differences are observed in the (Figure 3b). After 2 h, this diluted aliquot was imaged.
1431 https://doi.org/10.1021/acsmacrolett.1c00463
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Figure 4. Influence of ionic strength on phase transitions of kinetoplasts. (a) Montage of kinetoplast molecules as a function of PEG concentration
in the presence of S0 mM NaCl. Molecules navigate from flat (0—20% PEG) to collapsed phase (26%PEG) by passing through a transition regime
(23—25% PEG) characterized by the coexistence of multipopulation. (b) Violin plots presenting the size (radius of gyration) distribution at each
concentration of PEG. In the transition regime (23—25% PEG) there is a wide size distribution corresponding to the coexistence of
multipopulation. (c) Presents the confocal images of kinetoplasts in the flat phase (0% and 20% PEG), transition regime (24% PEG), and in the
collapsed phase (26% PEG).
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Figure 5. Influence of ionic strength on transition point. (a) Fluorescence images of different kinetoplasts inside a 2 ym tall channel, showing a
gradual decrease in size with increasing concentration of NaCl salt at fixed concentration (20% wt/vol) of PEG. (b) Violin plots presenting the size
(R,) distribution of kinetoplasts at varying concentrations of NaCl in the presence of 20% PEG. The median value decreases with increasing
concentration of NaCl, indicating that as the intramolecular electrostatic repulsion decreases, entropically driven osmotic force is able to compress
individual kinetoplast®® eventually leading to complete compaction.

Interestingly, the kinetoplasts appeared to be in the flat phase, collapsed phase with increasing PEG concentration. However,
as expected for kinetoplasts in 10% PEG conditions (100 mM there are two clear distinctions compared to the 100 mM NaCl
NaCl). A control 10% PEG condition was also prepared and condition: (i) the transition point from flat to collapsed phase
imaged for comparison purposes. No evidence of hysteresis shifts to higher PEG concentrations and (ii) there is a
was observed during the phase reversibility. This observation significantly larger variation in the shape and size of the
also supports that the cup-like shape (positive Gaussian molecules in the transition regime (23—25% PEG). For
curvature) of a kinetoplast is its equilibrium conformation in quantitative analysis, we calculated the R, and presented the
good solvent conditions.”” size distribution using violin plots at each PEG concentration
Inspired by the nature of a general phase diagram, we (Figure 4b). Like the system in the presence of 100 mM NaCl,
studied the influence of ionic strength on the Y¥-phase the median values for 50 mM NaCl decreases monotonically
transition of kinetoplasts. In particular, we decreased NaCl with increasing the PEG concentration. However, the size
concentration from 100 to S0 mM. Figure 4a shows a montage distribution of kinetoplasts at a particular PEG concentration
of kinetoplast molecules as a function of PEG concentration in gets broader as it approaches the transition regime,
the presence of S0 mM NaCl. One notable feature is that representing wide variability in the sizes. In case of linear
kinetoplasts undergo a similar phase transition as in case of 100 DNA, the size distribution in the transition regime was
mM NaCl, where kinetoplasts transform from the flat to characterized by the bimodal distribution corresponding to the
1432 https://doi.org/10.1021/acsmacrolett.1c00463
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coexistence of coil and globule.*”" Interestingly and as a
notable distinction for kinetoplasts we observed herein the
coexistence of multiphases (characterized by continuous and
broad size distribution) in the transition regime as shown in
the montage of representative molecules in Figure 4a.

To have a better depiction of the morphology of the
kinetoplasts, we imaged the molecules using confocal
microscopy (Figure 4c). The molecules at 0 and 20% PEG
show clear rims and represent the flat phase. On the other
hand, at 26% PEG all molecules have a compact and
homogeneous structure belonging to the collapsed phase.
Interestingly despite the differences in the nature of the phase
transition compared to 100 mM NaCl case, the molecules
appeared to show local foci at the transition regime (24%
PEG), a result indicating that this could be an intrinsic
characteristic of the phase transition of 2D catenated polymers.
See Figure S2 for additional molecules containing local foci.
We also probed the influence of ionic strength at a fixed
concentration of PEG (20%), where average size of
kinetoplasts decreases with increasing the ionic strength
(Figures S). It shows that the critical value of PEG
concentration for phase transition is inversely correlated to
the ionic strength. However, the entropically driven osmotic
force is not able to drive a phase transition by itself, even at
very high PEG concentrations, and screening of the intra-
molecular electrostatic repulsion is required to facilitate the
phase transition. This trend is consistent with W-condensation
of linear DNA via PEG where it has been found that a
threshold value of added salt is required.*>**

Although the intermediate structures show long temporal
stability (Figure 3a), the question remains whether these
conformations are kinetically arrested or a thermodynamically
stable state. To address this question, we generated the
intermediate phases (100 mM NaCl, 15% PEG and 50 mM
NaCl, 24% PEG) by diluting the system from the collapsed
phases (100 mM NaCl, 20% PEG and S0 mM NaCl, 26%
PEG) at both salt concentrations, respectively. Data are shown
in Figure S3. The molecules prepared in this manner still
display the appearance of the local foci, and the overall
molecular conformation in the intermediate regime is
independent of the direction of the phase transition. This
feature, along with long temporal stability (Figure 3a) and
continuous phase transition as a function of ionic strength
(Figure S), suggests that the conformation of kinetoplasts with
local foci on their surface is a thermodynamically stable state.
For comparison, the “beads on a string” conformational state
for linear DNA has been reported to be a transient
conformation*”*'~>* during chain collapse or a thermody-
namically stable®**>> state, depending on the nature of
polymer solvent interactions.

The intercalation of YOYO-1 is known to affect the physical
properties of DNA.***” Hence, the potential effect of YOYO-1
loading on the nature of phase transition of kinetoplast was
investigated. Data examining the phase transition at 50 bp:1
YOYO-1 molecule at 100 mM NaCl and 50 mM NaCl are
shown in Figures S4 and SS, respectively. At this staining ratio
there is negligible change to the native DNA charge density,
twist, and contour length. We find that the nature of the phase
transition at this lower staining ratio is similar to that of the 8
bp:1 YOYO-1 complexes. Lowering the staining ratio,
however, decreases the critical concentration of PEG at
which the phase transition occurs.

1433

For linear DNA the coexistence of coil and globule phases
was attributed to a first-order phase transition, associated with
a double well potential in the transition regime.*”*">*
However, for kinetoplasts, the coexistence of the multi-
population with varying shapes and sizes (Figures 4 and S2)
and long temporal stability (Figure 3a) of the intermediate
phases suggest that the energy landscape is rather rugged with
multiple local minima. Rugged energy landscapes are a key
feature dictating the kinetics of random heteropolymer collapse
and protein folding.°"®* In kinetoplasts, we surmise that the
local interactions among rings lead to local foci and ridges
which are then frustrated to evolve further via nonlocal
interaction that would require bending of the planar structure.
While we are unable to follow the collapse kinetics in our
current experimental setup, the observed conformations in the
multipopulation allow us to speculate that the phase transition
from flat-to-collapsed phase does not follow a unique pathway
but a multiplicity of routes (a sketch of the postulated routes is
presented in Figure S6). Further studies are required to follow
the kinetics of the collapse process and better understand the
energy landscape for kinetoplast phase transition.

Irrespective of the ionic strength, the interplay of configura-
tional entropy and intramolecular interactions decide the
instant conformation of a kinetoplast. With increasing PEG
concentration, PEG molecules try to occupy the maximum
volume within the system. As a result, PEG imposes an
osmotic pressure on kinetoplasts due to excluded volume
interactions.”> Above a threshold concentration of PEG, the
entropically driven osmotic pressure wins over the bending
rigidity and intramolecular electrostatic repulsions within the
kinetoplast, thus, leading the system into the collapsed phase.>®
At higher salt concentration (100 mM NaCl), intramolecular
interaction is weak (due to electrostatic screening) and the
observed phase transition is continuous, whereas for 50 mM
NaCl multiphases coexist. This implies that the ruggedness of
energy landscape is inversely correlated to the electrostatic
screening. Another interesting observation is that the average
size of kinetoplasts in the collapsed phase at 50 mM NaCl is
significantly smaller than that at 100 mM NaCl, with mean R,
of 0419 + 0.042 pum and 0.494 + 0.053 pm respectively
(Welch’s unpaired t test, p < 0.0001, Figure S7). This can be
rationalized by envisioning that the local foci come together by
the process of diffusion—collision,”* and the packing is decided
by the nature of collisions (reaction limited aggregation (RLA)
vs diffusion limited aggregation (DLA)).%® In the case of 50
mM NaCl, the potential barrier is higher (relatively less
screening) and the mechanism of RLA is expected to be
dominant. Hence, the degree of compaction in the collapsed
phase is greater in 50 mM NaCl salt. This can be further
explored in future experiments.

In conclusion, this work investigated the W-phase transition
of kinetoplasts. We found that kinetoplasts undergo a
transition from the flat phase to the collapsed phase above a
critical concentration of PEG, and this concentration is
inversely correlated with the ionic strength of the system.
Contrary to the linear DNA, the phase transition of
kinetoplasts passes through a transition regime characterized
by coexistence of a thermodynamically stable multipopulation
of varying shapes and sizes. Molecular conformations in the
multipopulation state are long-lived, which implies a rugged
energy landscape and could be an intrinsic characteristic of 2D
catenated networks. In the same way that W-condensation of
linear DNA has contributed significantly to the understanding
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of the conformational behavior of linear polymers in theta and
poor solvents, as well as the packing of DNA in vivo, we
believe that our study leads to a new understanding of the
phase behavior of 2D catenated systems. We hope this work
provokes future studies examining the role of topology in
phase transitions of catenated polymers.
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