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Abstract 

Capturing the ph y sical organisation and dynamics of genomic regions is one of the major open challenges in biology. The kinetoplast DNA (kDNA) 
is a topologically complex genome, made by thousands of DNA (mini and maxi) circles interlinked into a two-dimensional Olympic network. The 
organisation and dynamics of these DNA circles are poorly understood. In this paper, w e sho w that dCas9 linked to quantum dots (QD) can 
efficiently label DNA maxicircles and different classes of DNA minicircles in kDNA. We use this method to study the distribution and dynamics 
of different classes of DNA minicircles within the network. We disco v er that maxicircles display a preference to localise at the periphery of the 
network and that they undergo subdiffusive dynamics. By using simulations, we discover that this peripheral localisation of maxicircles may 
contribute to the bucking of the str uct ure in solution. Finally, by tracking the dynamics of the QDs we can also quantify the effective network 
stiffness, confirming previous indirect estimations via AFM. Our method could be used more generally to quantify the location, dynamics, and 
material properties of genomic regions in other complex genomes, such as that of bacteria, and to study their behaviour in the presence of 
DNA-binding proteins. 
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nderstanding the spatial organisation of complex and large
enomes is currently one of the biggest challenges in biology
nd biophysics [ 1 , 2 ]. The kinetoplast DNA (kDNA), the mito-
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hich permits unrestricted reuse, distribution, and reproduction in any medium, 
chondrial genome of parasites of the class Kinetoplastida , such
as trypanosomes, is a large ( ∼10–100 Mbp) complex genome
made of interlinked DNA circles. Historically, trypanosomes
and the kDNA more specifically, have been at the centre of
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2 Ramakrishnan et al. 

Figure 1. dCas9-labelling of kDNA sequences in vitro . ( A ) Sketch of C. fasciculata kDNA showing major class minicircles in orange, minor class in green 
and maxicircles in blue. ( B ) To visualise the different classes of DNA circles we employ dCas9 and streptavidin-coated Quantum Dots (Qdot655). ( C ) 
R epresentativ e image of a kDNA str uct ure with major minicircle class labelled by Qdot655. ( D ) Agarose gel electrophoresis of control and dCas9-bound 
minicircles, both clea v ed with NcoI. The dCas9-bound minicircles shift upward in the gel because heavier than the control. ( E ) Gel of kDNA maxicircles 
clea v ed with PstI (left arrow). When dCas9 proteins are targeting the maxicircles and are bound by Qdot655, the maxicircles form large complexes that 
remain stuck in the wells with the uncleaved part of the kDNA. 
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active research due to its role in pan-genomic RNA editing [ 3–
5 ]. More recently, the kDNA has also been studied by the poly-
mer physics and topology community as it is the archetype of
a so-called ‘Olympic network’, i.e. a structure formed by thou-
sands of topologically concatenated rings [ 6–15 ]. Such struc-
tures are rare because challenging to controllably synthesise
in the lab [ 16–18 ]. 

There are many open questions on the self-assembly,
replication and structure of kDNAs [ 19–26 ]. For instance,
Crithidia fasciculata ( C. fasciculata ) kDNA is made of around
5000 short minicircles (2.5 kbp) that are split in 18 genetic
classes [ 14 ], and of 24 longer maxicircles, around 30 kbp each.
While the biological role of these classes of DNA circles in
encoding for messenger and editing guide RNAs is known,
there are no quantitative measurements of the spatial location
of individual genetic classes and whether they are segregated
within the network or uniformly distributed [ 27 ]. The mech-
anisms of kDNA replication and reorganisation of maxi and
minicircles are intriguing: during replication, minicircles are
decatenated, replicated, and reattached to the periphery, while
maxicircles do not decatenate from the network and redis-
tribute inside the kDNA with the help of the enzymes [ 28–30 ].
The ‘nabelschnur’ structure [ 30 ], likely formed by maxicir-
cles, is found to be important for creating a structure connect-
ing the daughter cells during kDNA replication. Thus, kDNA
maxicircles may have significant structural role in achieving
the elongation and segregation of the kDNA [ 30 ]. However,
the organisation of maxicircles within the network remains
unknown and challenging to quantify. 

In this paper, we employ catalytically dead Cas9 (dCas9)
proteins tagged using quantum dots (QDs) as physical bea-
cons to identify target DNA sequences in C. fasciculata kDNA
and to quantify their spatial location and dynamics within the
network in vitro (Fig. 1 A–C). We discover that maxicircles are
enriched at the periphery, the major minicircle class is mildly
depleted at the kDNA rim, while the minor class of mini-
circles are uniformly dispersed within the network. Through
computer simulations, we provide evidence that the location 

of maxicircles at the periphery and their linking to the mini- 
circles contributes to the buckling of kDNA in solution, as 
seen in experiments [ 8 , 10 ], and may be sufficient to cause 
it. Additionally, we are able to track the dynamics of individ- 
ual sequences within kDNA maxicircles and their relative dis- 
placements. We discover that the dynamics of the maxicircles 
within the kDNA display a subdiffusive, correlated behaviour 
that reflects the high level of entanglement. Coarse-grained 

simulations of the system suggest that the QD dynamics fol- 
low that of the minicircle for short timescales. This, joined 

with the relatively local diffusion of the QD on the kDNA,
allows us to use these measurements to estimate the effective 
stiffness of the kDNA network, which are in line with previous 
indirect estimations from AFM images [ 13 ]. 

We argue that our method could be used more broadly to 

quantify the static and dynamic behaviour of specific, individ- 
ual genomic regions within complex genomes, also in presence 
of DNA binding proteins such as transcription factors, and ul- 
timately inform their material properties and dynamics. 

Materials and methods 

kDNA and dCas9 validation 

Kinetoplast DNA was purchased from Inspiralis ( https: 
//www.inspiralis.com ) and was purified from C. fasciculata 
using the method in Ref. [ 31 ]. CRISPR RNA (crRNA) target 
sequences in maxicircles and minicircles were identified using 
the ChopChop online tool ( https:// chopchop.cbu.uib.no/ ) 
using the sequences we obtained in Ref. [ 14 ]. ChopChop 

is a widely used web-based tool for selecting optimal 
CRISPR / Cas9 target sites: it generates and ranks guide RNA 

sequences based on conventional criteria such as GC con- 
tent and self-complementarity, as well as additional factors 
like predicted efficiency and potential off-target effects. We 
have always selected three top ranked sequences for our 
experiments with mini and maxicircles and we specifically 

https://www.inspiralis.com
https://chopchop.cbu.uib.no/
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sed single nucleotide polymorphism and deletion / insertion
olymorphism from maxicircles and minicircles to carefully
elect target sites that avoid sequence overlap and crosstalk.
he sgRNA was purchased from Integrated DNA Technolo-
ies (IDT) and was assembled with crRNA and universal
rans-activating CRISPR RNA (tracrRNA) following the
nstructions provided by IDT. To assemble the sgRNA struc-
ure, 10 μM of crRNA and 10 μM of tracrRNA were mixed
n IDT duplex buffer. The mixture was heated to 95 

◦C for 5
 and then allowed to cool down on ice for 1 h. The sgRNA
amples were aliquoted and stored at –20 

◦C. The crRNA
argets for kDNA maxicircles (24398 bp) are A GA GGCATC-
AA GGATTGA GGGG (seq:5393), TTGAA CGA GAATC-
TGT A TGCGG (seq:23384), AGGT AC AAC ACC A T AA-
 AC AGGG (seq:13854). The targets for the major minicircle
lass (2525 base pairs) is GGGCCGA GTGTTCTTGCA C-
AGG (seq:1678), while for the minor minicircle class

2538 base pairs) is CCGTCGGCAGAAA T AGACCTGGG
seq:1727). 

To validate the binding of dCas9 to kDNA maxicircles and
inicircles, 400 nM of dCas9 was incubated with 800 nM of

pecific sgRNA (targeting three sites in the maxicircle and one
ite in both major and minor minicircle classes) in 1X NEB
3.1 buffer at 27 

◦C for 30 min. We then mixed the sgRNA–
Cas9 complex with 500 ng of kDNA and incubated at 37 

◦C
or 4 h. The samples were digested with NcoI (for major class
inicircles) and with BamHI (for minor class minicircles) at
7 

◦C for 60 min (see ‘Results’ section). 
For the maxicircles, the binding of dCas9 would not yield

 clear shift due to the size of the maxicircles and gel resolu-
ion. For this reason, we prepared the binding validation assay
s follows: 500 ng of kDNA was mixed with sgRNA-dCas9
omplex in 1X NEB r3.1 buffer. The mixture was incubated
t 37 

◦C for 4 h and then the sample was purified by agarose
el filtration and digested with 1 μL of PstI at 37 

◦C for 60
in. Finally, before gel analysis, the maxicircle-digested sam-
le was incubated with 10 nM of Qdot655 Streptavidin Con-
ugate (Thermo Fisher) at 37 

◦C for 5 min, and then analyzed
y 1% agarose gel (see Fig. 1 D and E and ‘Results’ section). 

icroscopy of dCas9-kDNA-Qdot655 samples 

o prepare a dCas9-kDNA–Qdot 655 complex, 400nM
Cas9 was first mixed with 800nM of sgRNA (three targets)
n 1X NEB r3.1 buffer and incubated at 27 

◦C for 30 min. The
Cas9-RNA samples were pooled together and mixed with
00 ng of kDNA in 1X NEB r3.1 buffer and incubated at
7 

◦C for 4 h. All samples were kept on ice after the respective
ncubation periods prior to the microscopical analysis. The
DNA-dCas9 sample was loaded onto a 1.5% agarose gel and
un at 80V for 20 min and recovered in 1x NEB r3.1 as de-
cribed in detail in our previous paper Ref. [ 14 ]. To prepare
he samples for fluorescence microscopy, a clean glass cover-
lip treated with Poly-lysine was used. A 10 μL of recovered
DNA–dCas9 complex in NEB r3.1 buffer was mixed with 1
L of 10 nM Qdot655 Streptavidin Conjugate and incubated
t RT for 5 min. A 5 μL sample was aliquoted into a separate
ube and mixed with 1 μL of 10 nM Y OY O-1. The mixture
as then placed on a clean glass coverslip and sealed for flu-
rescence microscopy imaging. 
The samples were imaged with a Zeiss LSM980 Airyscan2

aser scanning confocal microscope (Zeiss UK, Cambridge).
A 63x / 1.4 NA oil immersion objective was used, with
488 nm / 633 nm excitation lasers for Y OY O-1 and Qdot v655,
respectively. Single time-point, 32 slice Z-stacks of the individ-
ual kDNA structures with dCas9-Qdot 655 were recorded us-
ing the Airyscan detector with a pixel size of 35 x 35 x 160 nm.
Images were then Airyscan processed using Zen blue 3.5 soft-
ware (Zeiss). 

To capture the real-time videos for dynamics analysis, 1 μl
of Y OY O-1-stained Qdot655-kDNA sample was suspended
in 4 μL of 70% glycerol, pipetted onto a glass coverslip,
and sealed with a sticky spacer. Before acquisition, single
suspended kDNA structures were carefully focused on the
Y OY O-1 channel and selected based on their visible outer
ring structure. For each condition at least 25 movies were
captured. Movies were recorded in confocal mode exciting
with the 405 and 488 nm laser simultaneously exciting and
capturing Y OY O-1 (detector wavelengths 491–610 nm) and
Qdot 655 (detector wavelengths 658–755 nm) at 8 fps, with a
pixel size of 70 x 70 nm and at least 500 frames per video.
Images were later deconvolved using Hugyens Professional
23.10 software (SVI). The fluorescence microscopy images
presented in the manuscript were processed in FIJI (National
Institutes of Health) and custom written python codes (see
below). 

Example images obtained with this method are shown in
Fig. 2 A and B, where the dCas9 is targeting maxicircle se-
quences in control (Fig. 2 A) or PstI-treated (Fig. 2 B) kDNA
samples. In the latter, since PstI cleaves all maxicircles and
the samples are gel purified, we expect and indeed observe no
Qdot signal above the noise. Interestingly, we also observed
that PstI treatment of the kDNA leads to, on average, smaller
kDNAs (see Supplementary Fig. S13 ), in line with our previ-
ous AFM work [ 14 ]. 

Image analysis 

The kDNA images were first processed using Gaussian
smoothing to enhance the contrast between the sample and
the background. After smoothing, a thresholding was applied
to isolate the kDNA. Subsequently, OpenCV’s Canny Edge
Detection was employed to extract the boundary pixels of
the kDNA. With this method we could robustly exclude any
Qdot 655 located outside the kDNA boundary and measure
the Euclidean 2D distance of each QD from the nearest kDNA
boundary pixel, without the need to assume a simple circular
shape. 

To quantify the specific location of the Qdots bound to the
different kDNA sequences, we compared the distribution of
Qdots with a distribution of points (100 times more than the
count of Qdots) obtained by randomly sampling the space
within the boundary pixels. The observed Qdot655 count per
bin was then normalised by this simulated random distribu-
tion to reveal any specificity and biases in the location of the
sequences (see Fig. 2 C). 

Tracking of the QD was done from images taken using
a spinning-disk confocal microscope. We then used trackpy
(github.com / soft-matter / trackpy) on the QD signal to recon-
struct their XY movement. To track and the kDNA centre of
mass we used an in-house Mathematica code to perform a
Gaussian blur and segmentation on the DNA signal, and then
to obtain the centroid of the kDNA so to track its XY position
during the experiment. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf925#supplementary-data
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Figure 2. Maxicircles are preferentially located at the periphery. ( A and B ) R epresentativ e images of YOYO-I labelled kDNA (green) and QDs (red). ( C ) 
Image analysis pipeline to quantify the distribution of QDs within the kDNA: images are Gaussian blurred and thresholded to detect the boundary of the 
network and the QDs. The Euclidean 2D distance of each QD from the closest boundary pixel is measured. The same calculation is performed on a 
simulated kDNA boundary with random points (10 0 0 times the number of Qdots found in the respective kDNA) to obtain a random distribution of 
distances for individual kDNAs. ( D ) Histograms of distances of QDs (red) and random (blue) points as a function of distance from the kDNA boundary. ( E ) 
Normalised relative frequency (observed / random) as a function of distance from the kDNA boundary. One can appreciate a significant enrichment of 
localisations close to the boundary. Error bars represent standard deviation across 13 kDNAs. 
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Molecular dynamics simulations 

We performed molecular dynamic (MD) simulations of three
different network type. The first system is a network of 604
semi-flexible minicircles catenated with a valence of 3, labelled
‘minicircle only’ (MO). The second has three maxicircles inter-
linked between themselves and randomly with the minicircle
disk, labelled ‘linked diffuse’ (LD). The third has three inter-
linked maxicircles intertwined with the border of the minicir-
cle disk, labelled ‘linked border’ (LB). In all the configurations,
each minicircle is composed of m mini = 60 beads while the
three maxicircles have around m maxi = 800 beads each. Both
circle species have a persistence length of l p = 4 σ and FENE
bonds between beads. The minicircle networks are built us-
ing NetworkX [ 32 ], following the same procedure adopted
in ref. [ 13 ]. LD and LB networks are obtained by compress-
ing the miniring networks inside a slit and then randomly in-
tertwining the maxicircles with the minicircles network. The
initial compression of the MO network is intended to repro-
duce the in vivo conformation of the minirings, a condensed
disk-like shape, without relying on further assumptions on its
molecular origin. The detailed procedure to construct the net-
works is reported in the SI ( Supplementary Figs S1 – S4 ). 

All the systems are evolved using an underdamped Langevin
dynamics γ = 0.1 and time step dt = 0.01 τLJ , where τLJ is
the characteristic time of the simulation. Equilibration is run
for 10 

8 timesteps and production is run for at least 1.5 × 10 

9

timesteps. We analyzed the curvature of the simulated kDNAs
by using libIGL for Python and creating a triangulated surface
from the COM of the minirings (see ref. [ 13 ]). 

Results 

dCas9 can specifically bind to both mini and maxi 
circles 

First, we investigated the binding of dCas9 to mini and maxi-
circles using Electrophoretic Mobility Shift Analysis (EMSA).
We selected three target sites within the kDNA maxicircles,
each spaced 5000 base pairs apart, along with a single target in
each minicircle class [ 14 ]. To assess dCas9 binding to specific 
DNA types, we first allowed dCas9 to bind to its target sites,
followed by digestion of the DNA using sequence-specific en- 
zymes. In both the major and minor minicircle classes, a clear 
shift in the dCas9-bound DNA bands was observed, confirm- 
ing sequence-specific, single dCas9 binding (Fig. 1 D and E).
To distinguish dCas9-bound maxicircles from the control,
the complex was further incubated with streptavidin-coated 

Qdot655, which binds to biotin-labelled dCas9. The disap- 
pearance of the maxicircle band in the gel (Fig. 1 E) confirmed 

the specific binding of Quantum Dots to the maxicircles. In- 
terestingly, the presence of dCas9 slightly reduced DNA diges- 
tion compared to the protein-free control samples, although 

this did not affect the outcome of the EMSA assay. This ef- 
fect is possibly due to the reduced 1D diffusion of restriction 

enzymes on DNA (see SI, Supplementary Fig. S10 ). Thus, we 
confirm that dCas9 can specifically bind mini and maxicircles 
sequences within the kDNA structure. 

Maxicircles are preferentially located at the 

periphery of the kDNA 

Having confirmed the specific binding of dCas9 to different 
kDNA circles, we then investigated the spatial distribution 

of different DNA sequences within the network. To do this,
we first targeted three specific maxicircle sequences for dCas9 

binding and then incubated the kDNA-dCas9 complex with 

QDs. Before imaging, we also removed the excess unbound 

dCas9-QD by gel filtering (as in Ref. [ 14 ]). The resulting puri- 
fied kDNA-dCas9-QD complexes were visualised using con- 
focal fluorescence microscopy. Images were captured sepa- 
rately in the green Y OY O-1 channel (labelling the kDNA) 
and the red 655 channel (labelling the QDs), and later re- 
constructed into a single composite image to reveal the spa- 
tial organisation of maxicircles (Fig. 2 A and B). Bright fluo- 
rescent QD signal was visible at the periphery of the kDNA,
with some signal appearing larger, suggesting potential clus- 
tering or co-localisation of dCas9-QD. Additionally, we de- 
tected fewer signals located within the central region of the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf925#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf925#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf925#supplementary-data
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DNA. To quantify the distribution of QDs, we segmented
he DNA signal and reconstructed its boundary. We then seg-
ented and localised the QD signal and placed it within the

econstructed kDNA boundary (Fig. 2 C). To compare the dis-
ribution of QDs with respect to a uniform distribution, we
enerated a random deposition process of 100 times more
Ds within the same kDNA area. We then computed, for

ach QD (either randomly placed or real), its distance from
he closest boundary pixel, and binned these distances to ob-
ain distributions. The pipeline is represented in Fig. 2 C where
andom localisations are shown in grey and real QD local-
sations shown in red, all placed within the kDNA bound-
ry (green). The analysis pipeline can be found open access
t https:// git.ecdf.ed.ac.uk/ taplab/ kdnart . 

In Fig. 2 D, we compare the probability density function
PDF) of the random dots (blue boxes) with the one from the
eal QDs (red boxes). The relative distance, r / r 0 , represents
he binned distance of a localisation from the closest kDNA
oundary pixel, normalised by the maximum radial distance
f boundary pixels from the centre of the kDNA. In other
ords, an r / r 0 value of 0 indicates that the localisation is at

he periphery, while a value of 1 corresponds to a localisa-
ion in the middle of the kDNA. The normalisation allows us
o sum the data across 13 individual kDNA networks, which
ave slight variations in their diameter. 
To identify any specific enrichment, we then divide (bin

y bin) the observed distribution probability (PDF) of the
Ds with that of the random, simulated localisation for each
DNA sample. A relative frequency of 1 in a given bin in-
icates that we statistically find as many QDs as expected
or a random (uniform) distribution (see Fig. 2 D). From this
elative frequency one can appreciate that the distribution of
D is not uniform as a function of distance from the periph-

ry . Interestingly , there is a significant enhancement within
he 20% of kDNA area closest to the periphery and lower
han random in the kDNA area closest to the centre. This
uggests that the maxicircles have a preference for localis-
ng to the periphery of the network. Also, no maxicircle se-
uence is found within the 20% area closest to the kDNA
entre. 

We note that kDNA has been suggested to display a
etwork-within-network structure where maxicircles are in-
erlinked among themselves and with other minicircles [ 33 ]
reported in in T. equiperdum ), but there is no evidence of the
axicircles being enriched at the periphery of the kDNA in

ny organism. Thus, our data represent the first of such evi-
ence in C. fasciculata . 
We also stress that while maxicircles appear enriched at the

eriphery, major and minor minicircle classes that we tested
o not display a significant enrichment, suggesting a more ho-
ogeneous distribution. 

 peripheral distribution of linked maxicircles is 

ufficient to cause kDNA buckling. 

n solution, kDNA assumes a buckled shape with positive ab-
olute mean curvature that resembles a showercap [ 8 , 10 , 11 ].
his is surprising because a thermal sheet with no pre-stored
tress should display a flat shape with overall mean curva-
ure close to zero [ 34 ]. It has been hypothesised that either the
hirality of the linkages [ 35 ] or redundant linking at the pe-
iphery [ 13 ] may be the reason behind the overall shape of the

etwork. 
In our previous work [ 14 ], we found qualitative evidence
that some maxicircles were located at the periphery of the net-
work. In the previous section, we have quantitatively demon-
strated that indeed maxicircles display a preference to be lo-
cated at the periphery kDNAs. In this section, we now ask if
the peripheral positioning of the maxicircles may affect the
overall curvature of the network. 

To do this we performed MDs simulations in
LAMMPS [ 36 ] of model kDNA networks with and without
maxicircles (see ‘Materials and methods’ and SI). These
networks are created using planar graphs and the DNA
circles are modelled as coarse-grained ring polymers made by
beads connected by FENE springs [ 37 ]. The minicircles are
interlinked to each other with random chirality and valence
3 [ 38 ]. The maxicircles are randomly intertwined within
a planar minicircles network compressed to resemble the
disk-shape assumed by kDNA in vivo . This is done under
two different hypotheses: (i) Maxicircles are found at the
border (LB networks) or (ii) Maxicircles are found within
the kDNA disk (LD networks). In both cases, the networks
are constructed by first confining the position of maxicircles
within the kDNA through external potentials (later removed),
and then slowly introducing a steric interaction between mini-
circles and maxicircles. This, together with FENE bonds in
between bonded beads, ensures that the topology of the
kDNA network is conserved [ 37 ]. After initialisation, all
constraints are removed and the system is equilibrated to
relax any stress introduced during the preparation. We then
perform production runs for at least 1.5 × 10 

9 timesteps. To
verify that the system is truly in equilibrium, we checked that
95% of the values of the kDNA radius of gyration are within
two standard deviations from the mean, i.e. that the size of
the kDNA is not evolving or drifting during the production
run. 

From our simulations, we computed the mean curvature of
the networks (see Methods and SI, Supplementary Figs S5 and
S6 ) and obtained the results in Fig. 3 B. Configurations con-
sisting of only minicircles display zero mean curvature com-
patible with a saddle shape. This is consistent with previous
simulations of flat membranes [ 34 ] and kDNA models [ 13 ,
39 ]. Adding maxicircles at random locations inside the disc
causes an increment of the absolute average mean curvature,
but the system can still frequently jump between positive and
negative mean curvatures (see SI, Supplementary Figs S6 and
S7 ). Interestingly, only when we placed the maxicircles along
the border we observed net positive mean curvatures compat-
ible with the experimentally observed buckled shapes [ 8 ]. We
argue that this is because they constrain the total perimeter of
the disc, acting as an elastic band running along the border
of the kDNA [ 13 ]. Arguably, trypanosome species that have a
different network replication and organisation, like T. brucei ,
may retain the a saddle-like shape in solution. We hope to test
this hypothesis in the near future. 

Dynamics of maxicircles sequences within the 

kDNA 

The main advantage of labelling DNA circles sequences with
dCas9-QDs is that we can quantify their dynamics in real time.
We employed a fast spinning-disk confocal to record two-
colour movies at > 10 fps of labelled kDNAs and QDs diffus-
ing in a glycerol solution, optimised to record the dynamics of
the kDNA (see ‘Materials and methods’, and Fig. 4 A). 

https://git.ecdf.ed.ac.uk/taplab/kdnart
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf925#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf925#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf925#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf925#supplementary-data
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Figure 3. MD simulations of kDNA suggest peripheral maxicircles induce buckling. ( A and B ) R epresentativ e snapshots of equilibrium configurations of 
kDNA networks without (a) and with (b) maxicircles. ( C ) Snapshots of initial and equilibrium conformations of different kDNA topologies. (MO = 

minicircle only, LD = linked diffuse, LB1,2,3 = linked border, three different replicas). ( D ) Absolute mean curvature for the different kDNA topologies. The 
LB models display the largest mean curvature, reflective of buckling induced by the maxicircles linked at the border. 
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The QD signal was processed with a tracking algorithm (see
Methods) which allowed us to obtain the 2D location of each
QD over time (see fig. 4 B). To remove the global translation of
the kDNA, we also tracked the position of the kDNA centre
of mass (COM) using the DNA signal. We then computed the
mean squared displacement of the single QDs in the frame of
reference of the kDNA COM, denoted here as r CM 

, i.e. 

g 2 (t ) = 〈 [( r i (t + t 0 ) − r CM 

(t + t 0 )) − ( r i (t 0 ) − r CM 

(t 0 ))] 2 〉 . 
As one can appreciate from Fig. 4 D, g 2( t ) displays two sub-

diffusive regimes, until it reaches a long time plateau at t >
10 s. The subdiffusive, and hence correlated, motion of QDs
bound to the maxicircles is to be expected, as the topological
links create a correlation similar to that of bonded segments in
tethered membranes [ 34 ]. However, in classic Rouse dynamics
of single polymers, one expects g 2 to plateau around the size
of the polymer R 

2 
g . In this case, instead, we observe a slower-

than-Rouse dynamics [ 40 ] ( g 2 ∼ t α , α < 0.5) and a transi-
tion to the plateau when QDs have, on average, diffused less
than 0.5 μm, a distance far smaller than the size of the kDNA
(around 4 μm). Comparison with simulations suggest that this
behaviour could be ascribed to QDs following a dynamics in
which they remain entangled with minicircles for some time,
before threading through minicircles. This entails that g 2 of
the QDs would follow the dynamics of minicircles at short
times, and then progressively switch to that of maxicircles at
longer times. Eventually, we expect g 2 to reach a plateau de-
scribing the maximum (squared) distance of maxicircles from
the kDNA COM. To check this scenario, we computed g 2
for the linked-border simulations and by aligning the trajec-
tory (removing translations and rotations) for both maxicir-
cles and a set of minicircles threaded by maxicircles. The re-
sults, reported in Fig. 4 and the SI ( Supplementary Figs S8 and 

S9 ), show that αsim 

∼ 0.25 for minicircles, and ∼ 0.5 for maxi- 
circles, supporting the argument that, while bound to maxicir- 
cles, QDs may be marginally entangled with minicircles. 

Additionally, we used our time-resolved imaging to infer the 
elastic properties of the network in a manner akin to that done 
for polymeric networks [ 41 ]. We can interpret g 2 ( t ) as reflect- 
ing the fluctuations of DNA maxicircles sequences within a 
tethered, or crosslinked, structure. According to the equiparti- 
tion theorem, at large times we expect g 2 ( t ) to be proportional 
to the thermal energy and inversely proportional to the effec- 
tive kDNA stiffness i.e. g 2 ( t → ∞ ) = 2 k B T / κ. In Fig. 4 D, one
can appreciate that the extent of these fluctuations are limited 

at around 0.2 μm 

2 , and we thus obtain: 

κ = 

2 k B T 

0 . 2 μm 

2 
= 0 . 04 

pN 

μm 

, 

which is in line (although slightly smaller than) with our pre- 
vious estimations based on AFM images of 0.1 pN / μm [ 13 ,
14 ]. We hypothesise that by removing (or linearising) some of 
the mini-circle classes forming the kDNA, we should expect a 
smaller effective stiffness. 

Another way to analyze the dynamics of the QDs that has 
the benefit of naturally removing the roto-translational mo- 
tion of the kDNA is to consider the distance vector between 

pairs of QDs as d i j (t ) = r i (t ) − r j (t ) (see Fig. 4 A and C). We 
then compute its MSD as 

dMSD (t ) = 〈 [d i j (t − t 0 ) − d i j (t 0 ) 
]2 〉 , 

where the average is performed over initial times t 0 and over 
pairs of QDs. The MSD of the distance vector, dMSD, is 
a quantity typically measured when tracking genomic sites 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf925#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf925#supplementary-data
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Figure 4. Dynamics of maxicircle sequences. ( A ) Five snapshots taken with a spinning-disk confocal microscope of a fluctuating kDNA in solution at 
sequential times. DNA signal in green, QD signal in red. The white arrow indicates the distance vector between two QDs. ( B ) Example of the position of 
one QD (x and y coordinates) o v er time. ( C ) Example of the distance vector between two QD (x and y components) over time. ( D ) Mean squared 
displacement (MSD) of the QDs in the frame of reference of the kDNA COM ( g 2 ( t )). ( E ) Mean squared displacement of the distance vector d between 
pairs of QDs and normalised by the mean distance (squared) of each pair, dMSD / 〈 d 〉 2 , averaged across pairs and initial times. Blue and yellow lines are 
from simulations tracking maxicircles and minicircles, respectively. In the inset we show maxicircles in blue and minicircles threaded by the maxicircles 
in colours. ( F ) Normalised distance between pairs of QDs. Dashed lines represent one standard deviation from the mean. ( G ) Distribution of mean 
dist ances bet ween QDs. ( H ) Distribution of st andard deviations of dist ances bet ween QDs. 
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n vivo [ 42 , 43 ] and could therefore be compared to exper-
mental values of genome dynamics within the cell. As one
an appreciate in Fig. 4 E, dMSD displays a strong subdiffu-
ive regime, where dMSD(t) ∼ t 0.25 , somewhat slower than
he exponent expected for tethered membranes [ 34 ]. 

The dynamics of the distance between QDs can also yield
nformation on the network stiffness. Indeed, by plotting all
he QDs distance traces as a function of lag-time, i.e. d(t ) =
 d (t − t 0 ) | , and normalised by the mean distance 〈 d 〉 we ob-
erve that they are all contained within 1 ± 0.2 (Fig. 4 F). More
recisely, we obtain an average mean distance between QDs
f ¯〈 d〉 = 2 . 16 μm and an average standard deviation of σ〈 d 〉
 0.17 μm (see Fig. 4 G and H). Again from the equipartition

heorem we expect that the dynamics of the QDs’ distance
hould be equivalent to that of points connected by an ef-
ective spring with stiffness 2 k B T /σ 2 

〈 d〉 = 0 . 28 pN / μm, which
lso in excellent agreement with our previous estimate [ 13 ].
e argue that measuring the dynamics and the effective stiff-

ess experienced by different DNA sequences, we will be able
o infer inhomogeneous structures within the kDNA network.
In turn, we could potentially extend this analysis to other
complex genomes, therefore mapping their elastic properties
in situ . 

In summary, this is the first time we could obtain direct
measurements on the stiffness of kDNA networks using time-
resolved imaging and have found that these measurements
are in broad agreement with the estimations from AFM im-
ages (which were only based on the network structure). We
argue that our dynamic data could be directly compared
with simulations of tethered and topologically interlocked
membranes [ 34 ] and to previous microscopy kDNA experi-
ments [ 8 , 10 ] (see Supplementary Fig. S12 ) to better under-
stand the dynamic scaling of Olympic-like networks com-
pared with traditional crosslinked ones. 

Discussion 

Understanding the spatial organisation of complex genomes
is a question that is fascinating and ubiquitous. We have here
shown that QD-labelled dCas9 can be used as ‘beacons’ to

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf925#supplementary-data
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map the location and dynamics of DNA sequences in a topo-
logically complex genome such as the kDNA (Fig. 1 ). 

We used this method to map the location of kDNA maxi-
circles, which have previously been hypothesised to populate
the outer part of kDNA networks [ 14 , 30 ]. Indeed, using our
method we have quantitatively demonstrated that maxicir-
cles are preferentially located at the periphery (Fig. 2 ). We
note that while the network-within-network interlinked struc-
ture of maxi and mini circles has been observed before in T.
equiperdum [ 33 ], the localisation of maxicircles at the periph-
ery in C. fasciculata had not been appreciated so far. Impor-
tantly, we also showed (see SI, Supplementary Figs S10 and
S11 ) that major and minor minicircle classes do not display a
strong enrichment at the periphery like maxicircles do, and in-
stead appear more uniformly distributed over the kDNA net-
work. Though there is no solid experimental evidence for how
the mini- and maxi-circles are redistributed within the kDNA
during replication, we argue that the positioning of maxicir-
cles at the periphery may play a structural function, for in-
stance in establishing correct nabelschnur structure [ 30 ] and
in the partitioning of the kDNA to the daughter cells. 

We then asked if the peripheral location (and interlink-
ing [ 14 ]) of maxicircles played a role in determining the buck-
led shape of kDNA in solution [ 8 ]. To answer this question
we performed MD simulations of different kDNA topolo-
gies, including without maxicircles, or with maxicircles linked
throughout the kDNA or only at the periphery. We observed
that in the latter case the network buckles and displays the
largest mean curvature (Fig. 3 ). We therefore argue that the
observed buckling of kDNA in solution is not due to the chi-
ral arrangement of the minicircle links, but it is instead due to
the positioning of the maxicircles. 

Finally, we used our dCas9 labelling technique to track the
dynamics of maxicircle sequences (Fig. 4 ). We discovered a
largely subdiffusive dynamics, slower than the dynamics seen
in simulations of tethered membranes [ 34 ]. By measuring the
fluctuations of the dCas9 proteins with respect to either the
centre-of-mass (COM) of the kDNA or with respect to each
other, we obtained direct measurements of the kDNA net-
work effective stiffness finding values κ � 0.06–0.4 pN / μm,
which are in excellent agreement with our previous estimate of
0.1 pN / μm based on AFM images alone [ 13 , 14 ]. This mea-
surement confirms a previous hypothesis that the kDNA is
an ‘ultra-soft’ 2D polymeric membrane, especially when com-
pared with lipid bilayers or other 2D structures which typi-
cally display stiffnesses � 1 μN / μm , i.e. 10 

6 times larger. 
We expect that our method could be applied to mapping

the location and dynamics of DNA sequences in other com-
plex genomes, for instance in ‘genome-in-a-box’ set ups [ 44 ]
or even DNA origami, and could in turn provide information
on the material properties of these structures. 

A c kno wledg ements 

DM thanks the Royal Society for support through a Univer-
sity Research Fellowship. We gratefully acknowledge support
from the Microscopy core facility at the Wellcome centre at
the University of Edinburgh. LT acknowledges support from
ICSC – Centro Nazionale di Ricerca in HPC, Big Data and
Quantum Computing, funded by the European Union under
NextGenerationEU. Views and opinions expressed are how-
ever those of the author(s) only and do not necessarily reflect
those of the European Union or The European Research Ex-
ecutive Agency. Neither the European Union nor the granting 
authority can be held responsible for them. For the purpose of 
open access, the author has applied a Creative Commons At- 
tribution (CC BY) licence to any Author Accepted Manuscript 
version arising from this submission. 

Author contributions : S.R. (Data curation [lead] Investiga- 
tion [lead] Methodology [lead]), A.V .P . (Software [lead]), G.G.
(Software [lead]), L.T. (Data curation [lead] Formal analysis 
[lead] Methodology [lead] Supervision [lead] Writing – re- 
view & editing [lead]), D.M. (Conceptualisation [lead] Formal 
analysis [lead] Funding acquisition [lead] Supervision [lead] 
Writing – original draft [lead] Writing – review & editing 
[lead]). 

Supplementary data 

Supplementary data is available at NAR online. 

Conflict of interest 

None declare. 

Funding 

This project has received funding from the European Research 

Council (ERC) under the European Union’s Horizon 2020 re- 
search and innovation program (grant agreement No 947918,
TAP). This work was supported by funding for the Well- 
come Discovery Research Platform for Hidden Cell Biology 
[226791]. 

Data Availability 

Codes are available on Zenodo at https:// doi.org/ 10.5281/ 
zenodo.16965165 . 

References 

1. Dekker J, Marti-Renom MA, Mirny LA. Exploring the 
three-dimensional organization of genomes: interpreting 
chromatin interaction data. Nat Rev Genet 
2013; 14 :390–403.https:// doi.org/ 10.1038/ nrg3454 

2. Hildebrand EM, Dekker J. Mechanisms and functions of 
chromosome compartmentalization. Trends Biochem Sci 
2020; 45 :385–96.https:// doi.org/ 10.1016/ j.tibs.2020.01.002 

3. Simpson LP. Morphogenesis and the function of the kinetoplast in 
‘Leishmania’. Atlas de Symposia sobre a Biota Amazonica 
(Pathologia) 1967; 6 :231–4.

4. Simpson L, Thiemann OH, Savill NJ et al. Evolution of RNA 

editing in trypanosome mitochondria. Proc Natl Acad Sci USA 

2000; 97 :6986–93.https:// doi.org/ 10.1073/ pnas.97.13.6986 
5. Hajduk S, Ochsenreiter T. RNA editing in kinetoplastids. RNA 

Biol 2010; 7 :229–36.https:// doi.org/ 10.4161/ rna.7.2.11393 
6. Diao Y, Ernst C, Yu X. Hamiltonian knot projections and lengths 

of thick knots. Topol Appl 
2004; 136 :7–36.https:// doi.org/ 10.1016/ S0166- 8641(03)00182- 2 

7. Michieletto D, Marenduzzo D, Orlandini E et al. Dynamics of 
self-threading ring polymers in a Gel. Soft Matter 
2014; 10 :5936–44.https:// doi.org/ 10.1039/ C4SM00619D 

8. Klotz AR, Soh BW, Doyle PS. Equilibrium structure and 
deformation response of 2D kinetoplast sheets. Proc Natl Acad Sci 
USA 2020; 117 :121–7.https:// doi.org/ 10.1073/ pnas.1911088116 

9. Tubiana L, Alexander GP, Barbensi A et al. Topology in soft and 
biological matter. Phys Rep 
2024; 1075 :1–137.https:// doi.org/ 10.1016/ j.physrep.2024.04.002 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf925#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf925#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf925#supplementary-data
https://doi.org/10.5281/zenodo.16965165
https://doi.org/10.1038/nrg3454
https://doi.org/10.1016/j.tibs.2020.01.002
https://doi.org/10.1073/pnas.97.13.6986
https://doi.org/10.4161/rna.7.2.11393
https://doi.org/10.1016/S0166-8641(03)00182-2
https://doi.org/10.1039/C4SM00619D
https://doi.org/10.1073/pnas.1911088116
https://doi.org/10.1016/j.physrep.2024.04.002


Organisation and dynamics of individual DNA segments in kinetoplast DNA 9 

1

1

1

1

1
 

1

1

1  

1

1

2

2

2

2  

2

2

2

2

2

 

 

R
©
T
d

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/20/gkaf925/8321214 by U

niversità di Trento user on 17 D
ecem

ber 2025
0. Yadav I, Al Sulaiman D, Doyle PS. Tuning the topology of a 
two-dimensional catenated DNA network. Phys Rev Res 
2023; 5 :013141. 
https:// doi.org/ 10.1103/ PhysRevResearch.5.013141 

1. Soh BW, Khorshid A, Al Sulaiman D et al. Ionic effects on the 
equilibrium conformation of catenated DNA networks. 
Macromolecules 
2020; 53 :8502–8.https:// doi.org/ 10.1021/ acs.macromol.0c01706 

2. Soh BW, Doyle PS. Equilibrium conformation of catenated DNA 

networks in Slitlike Confinement. ACS Macro Lett 
2021; 10 :880–5.https:// doi.org/ 10.1021/ acsmacrolett.1c00299 

3. He P, Katan AJ, Tubiana L et al. Single-molecule structure and 
topology of kinetoplast DNA networks. Phys Rev X 

2023; 13 :21010.
4. Ramakrishnan S, Chen Z, Fosado YAG et al. Single-molecule 

morphology of topologically digested olympic networks. PRX Life
2024; 2 :13009.https:// doi.org/ 10.1103/ PRXLife.2.013009 

5. Michieletto D. Kinetoplast DNA: a polymer physicist’s topological 
Olympic dream. Nucleic Acids Res 2025; 53 :gkae1206. 
https:// doi.org/ 10.1093/ nar/ gkae1206 

6. Panoukidou M, Weir S, Sorichetti V et al. Runaway transition in 
irreversible polymer condensation with cyclization. Phys Rev Res 
2024; 6 :023189. 
https:// doi.org/ 10.1103/ PhysRevResearch.6.023189 

7. Grosberg AY. Human bloodsucking parasite in service of materials
science. Proc Natl Acad Sci USA 

2020; 117 :18–20.https:// doi.org/ 10.1073/ pnas.1920496117 
8. Speed S, Atabay A, Peng YH et al. Assembling a true ‘Olympic 

Gel’ from > 16,000 combinatorial DNA rings. bioRxiv, 
https:// doi.org/ 10.1101/ 2024.07.12.603212 , 16 July 2024, 
preprint: not peer reviewed.

9. Pérez-Morga DL, Englund PT. The attachment of minicircles to 
kinetoplast DNA networks during replication. Cell 
1993; 74 :703–11.https:// doi.org/ 10.1016/ 0092- 8674(93)90517- T 

0. Liu B, Liu Y, Motyka Sa et al. Fellowship of the rings: the 
replication of kinetoplast DNA. Trends Parasitol 
2005; 21 :363–9.https:// doi.org/ 10.1016/ j.pt.2005.06.008 

1. Klingbeil MM, Drew ME, Liu Y et al. Unlocking the secrets of 
trypanosome kinetoplast DNA network replication. Protist 
2001; 152 :255–62.https:// doi.org/ 10.1078/ 1434- 4610- 00066 

2. Hoffmann A, Käser S, Jakob M et al. Molecular model of the 
mitochondrial genome segregation machinery in Trypanosoma 
brucei. Proc Natl Acad Sci USA 

2018; 115 :E1809–18.https:// doi.org/ 10.1073/ pnas.1716582115 
3. Kalichava A, Ochsenreiter T. Ultrastructure expansion microscopy

in Trypanosoma brucei . Open Biol 
2021; 11 :14–6.https:// doi.org/ 10.1098/ rsob.210132 

4. Lukes J, Guilbride D, Votýpka J. Kinetoplast DNA network: 
evolution of an improbable structure. Eukaryot Cell 2002; 1 : 
495—502.https:// doi.org/ 10.1128/ EC.1.4.495-502.2002 

5. Amodeo S, Kalichava A, Fradera-Sola A et al. Characterization of 
the novel mitochondrial genome segregation factor TAP110 in 
Trypanosoma brucei. J Cell Sci 2021; 134 :jcs254300. 
https:// doi.org/ 10.1242/ jcs.254300 

6. Amodeo S, Bregy I, Ochsenreiter T. Mitochondrial genome 
maintenance—the kinetoplast story. FEMS Microb Rev 
2023; 47 :fuac047. https:// doi.org/ 10.1093/ femsre/ fuac047 

7. Lukes J, Hashimi H, Zíková A. Unexplained complexity of the 
mitochondrial genome and transcriptome in kinetoplastid 
flagellates. Curr Genet 
2005; 48 :277–99.https:// doi.org/ 10.1007/ s00294- 005- 0027- 0 

8. Shapiro TA, Englund PT. The structure and replication of 
Kinetoplast DNA. Annu Rev Microbiol 1995; 49 :117–43. 
eceived: April 15, 2025. Revised: August 13, 2025. Accepted: August 14, 2025 
The Author(s) 2025. Published by Oxford University Press. 

his is an Open Access article distributed under the terms of the Creative Commons Attribution Lice
istribution, and reproduction in any medium, provided the original work is properly cited. 
〈 0:italic 〉 https:// 10.1146/ annurev.mi.49.100195.001001 〈 /0: 
italic 〉 https:// doi.org/ 10.1146/ annurev.mi.49.100195.001001 

29. Liu B, Liu Y, Motyka SA et al. Fellowship of the rings: the 
replication of kinetoplast DNA. Trends Parasitol 2005; 21 :363–9. 
〈 0:italic 〉 https:// 10.1016/ j.pt.2005.06.008 〈 /0:italic 〉 https: 
// doi.org/ 10.1016/ j.pt.2005.06.008 

30. Aeschlimann S, Stettler P, Schneider A. DNA segregation in 
mitochondria and beyond: insights from the trypanosomal 
tripartite attachment complex. Trends Biochem Sci 
2023; 48 :1058–70. 〈 0:italic 〉 https:// 10.1016/ j.tibs.2023.08.012 〈 /0: 
italic 〉 https:// doi.org/ 10.1016/ j.tibs.2023.08.012 

31. Shapiro TA, Klein VA, Englund PT. Isolation of Kinetoplast DNA. 
In: Bjornsti MA, Osheroff N, (eds.), DNA Topoisomerase 
Protocols: Volume I: DNA Topology and Enzymes . Totowa, NJ: 
Humana Press, 1999, 61–7. 
〈 0:italic 〉 https:// 10.1385/ 1- 59259- 259- 7:61 〈 /0:italic 〉 https: 
// doi.org/ 10.1385/ 1- 59259- 259- 7:61 

32. Hagberg AA, Schult DA, Swart PJ. Exploring network structure, 
dynamics, and function using NetworkX. In: Varoquaux G, 
Vaught T, Millman J (eds.), Proceedings of the 7th Python in 
Science Conference . Pasadena, CA. USA, 2008, 11–5. 
https:// doi.org/ 10.25080/ TCWV9851 

33. Shapiro TA. Kinetoplast DNA maxicircles: networks within 
networks. Proc Natl Acad Sci USA 

1993; 90 :7809–13.https:// doi.org/ 10.1073/ pnas.90.16.7809 
34. Mizuochi KI, Nakanishi H, Sakaue T. Dynamical scaling of 

polymerized membranes. Epl 2014; 107 :38003. 
https:// doi.org/ 10.1209/ 0295-5075/ 107/ 38003 

35. Klotz AR, Anderson CJ, Dimitriyev MS. Chirality effects in 
molecular chainmail. arxiv 2024.

36. Plimpton S. Fast parallel algorithms for short – range molecular 
dynamics. J Comp Phys 
1995; 117 :1–19.https:// doi.org/ 10.1006/ jcph.1995.1039 

37. Kremer K, Grest GS. Dynamics of entangled linear polymer melts: 
a molecular-dynamics simulation. J Chem Phys 
1990; 92 :5057–86.https:// doi.org/ 10.1063/ 1.458541 

38. Chen J, Rauch CA, White JH et al. The topology of the kinetoplast
DNA network. Cell 
1995; 80 :61–9.https:// doi.org/ 10.1016/ 0092- 8674(95)90451- 4 

39. Luengo-Marquez J, Assenza S, Micheletti C. Shape and size 
tunability of sheets of interlocked ring copolymers. Soft Matter 
2024; 20 :6595–607.https:// doi.org/ 10.1039/ D4SM00694A 

40. Halverson JD, Lee WB, Grest GS et al. Molecular dynamics 
simulation study of nonconcatenated ring polymers in a melt. II. 
Dynamics. J Chem Phys 
2011; 134 :204905.https:// doi.org/ 10.1063/ 1.3587138 

41. Sorichetti V, Ninarello A, Ruiz-Franco J et al. Structure and 
elasticity of model disordered, polydisperse, and defect-free 
polymer networks. J Chem Phys 2023; 158 :074905. 
https:// doi.org/ 10.1063/ 5.0134271 

42. Gabriele M, Brandão HB, Grosse-Holz S et al. Dynamics of 
CTCF- and cohesin-mediated chromatin looping revealed by 
live-cell imaging. Science 2022; 376 :496–501. 
https:// doi.org/ 10.1126/ science.abn6583 

43. Yesbolatova AK, Arai R, Sakaue T et al. Formulation of chromatin
mobility as a function of nuclear size during C. Elegans 
embryogenesis using polymer physics theories. Phys Rev Lett 
2022; 128 :178101.https: 
// doi.org/ 10.1103/ PhysRevLett.128.178101 

44. Birnie A, Dekker C. Genome-in-a-Box: Building a chromosome 
from the bottom up. ACS Nano 
2021; 15 :111–24.https:// doi.org/ 10.1021/ acsnano.0c07397 
nse (https: // creativecommons.org / licenses / by / 4.0 / ), which permits unrestricted reuse, 

https://doi.org/10.1103/PhysRevResearch.5.013141
https://doi.org/10.1021/acs.macromol.0c01706
https://doi.org/10.1021/acsmacrolett.1c00299
https://doi.org/10.1103/PRXLife.2.013009
https://doi.org/10.1093/nar/gkae1206
https://doi.org/10.1103/PhysRevResearch.6.023189
https://doi.org/10.1073/pnas.1920496117
https://doi.org/10.1101/2024.07.12.603212
https://doi.org/10.1016/0092-8674(93)90517-T
https://doi.org/10.1016/j.pt.2005.06.008
https://doi.org/10.1078/1434-4610-00066
https://doi.org/10.1073/pnas.1716582115
https://doi.org/10.1098/rsob.210132
https://doi.org/10.1128/EC.1.4.495-502.2002
https://doi.org/10.1242/jcs.254300
https://doi.org/10.1093/femsre/fuac047
https://doi.org/10.1007/s00294-005-0027-0
https://10.1146/annurev.mi.49.100195.001001
https://doi.org/10.1146/annurev.mi.49.100195.001001
https://10.1016/j.pt.2005.06.008
https://doi.org/10.1016/j.pt.2005.06.008
https://10.1016/j.tibs.2023.08.012
https://doi.org/10.1016/j.tibs.2023.08.012
https://10.1385/1-59259-259-7:61
https://doi.org/10.1385/1-59259-259-7:61
https://doi.org/10.25080/TCWV9851
https://doi.org/10.1073/pnas.90.16.7809
https://doi.org/10.1209/0295-5075/107/38003
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1063/1.458541
https://doi.org/10.1016/0092-8674(95)90451-4
https://doi.org/10.1039/D4SM00694A
https://doi.org/10.1063/1.3587138
https://doi.org/10.1063/5.0134271
https://doi.org/10.1126/science.abn6583
https://doi.org/10.1103/PhysRevLett.128.178101
https://doi.org/10.1021/acsnano.0c07397

	Graphical abstract
	Introduction
	Materials andmethods
	Results
	Discussion
	Acknowledgements
	Supplementary data
	Conflict of interest
	Funding
	Data Availability
	References

