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ABSTRACT

The sequence dependence of the conformational dis-
tribution of DNA under various levels of torsional
stress is an important unsolved problem. Combining
theory and coarse-grained simulations shows that
the DNA sequence and a structural correlation due
to topology constraints of a circle are the main fac-
tors that dictate the 3D structure of a 336 bp DNA
minicircle under torsional stress. We found that DNA
minicircle topoisomers can have multiple bend loca-
tions under high torsional stress and that the posi-
tions of these sharp bends are determined by the
sequence, and by a positive mechanical correlation
along the sequence. We showed that simulations and
theory are able to provide sequence-specific informa-
tion about individual DNA minicircles observed by
cryo-electron tomography (cryo-ET). We provided a
sequence-specific cryo-ET tomogram fitting of DNA
minicircles, registering the sequence within the geo-
metric features. Our results indicate that the confor-
mational distribution of minicircles under torsional
stress can be designed, which has important impli-
cations for using minicircle DNA for gene therapy.

INTRODUCTION

Although the structure of B-form DNA has been known for
over 60 years (1), and the fact that DNA can be supercoiled
has been recognized for over 50 years (2), the understand-
ing of DNA supercoiling and the non-B structures that su-
percoiling facilitates are less complete. DNA supercoiling
refers to the overwinding (positive supercoiling) or under-
winding (negative supercoiling) of DNA strands. DNA is

maintained in a negatively supercoiled state in most, if not
all, organisms. Positive supercoiling and hyper-negative su-
percoiling are generated transiently during DNA replica-
tion (3) and transcription (4,5). Supercoiling has important
biological roles in DNA replication (3), DNA transcription
(4), gene regulation (6,7), chromosome decatenation (8) and
the formation of non-B structures (9). In fact, supercoiling
affects almost all aspects of DNA metabolism and allows
DNA to be an active participant in its own metabolism (10).

A quantification of supercoiling can be made by counting
the linking number, Lk, which is the number of times one
DNA strand wraps around the other. For a given closed-
circular DNA double helix, Lk is a topological invariant
(11) that satisfies the following relationship:

Lk = Wr + Tw (1)

where writhe, Wr, describes the average number of crossings
of the DNA helix with itself seen from all projections and
twist, Tw, describes the coiling of the two strands around the
helical axis. The shape of a supercoiled DNA can be modu-
lated by torsional rigidity (affects Tw) and bending rigidity
(affects Wr) and the solution conditions (e.g. electrostatics).
Indeed, simulations (12–14), theory (15) and experiments
(15,16) agree that torsional stress can lead to supercoiling,
base-flipping, kinks, and denaturation, all of which influ-
ence the shape of the DNA molecule. These DNA supercoil-
mediated structural changes affect how binding proteins,
other nucleic acids, and drugs access DNA.

In addition to their value for the study of DNA struc-
ture and function, supercoiled DNA minicircles are being
utilized for gene therapy (17–24). These DNAs can trans-
fect many clinically relevant cell types that are refractory to
transfection with conventional vectors, which are typically
several thousand base pairs in length. How DNA shape af-
fects transfection is unknown but we hypothesize that by
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modulating supercoiling and sequence it may be possible
to influence the DNA to adopt specific shapes that may fur-
ther improve transfection. The 3D conformation of DNA is
modulated by its supercoiling level and sequence. A better
understanding of how supercoiling and sequence modulate
DNA shape may allow it to be controlled, which has many
possible applications including improved gene therapy vec-
tors.

Many experimental techniques (25–30) have been used to
study DNA supercoiling. A recent study combining cryo-
electron tomography (cryo-ET), biochemical analyses, and
simulations investigated the structural distribution of 336
bp DNA minicircles with specific supercoiling levels (31).
That study describes the DNA minicircle structural diver-
sity, modulated by the level of increasing supercoiling, from
an open circle, to a ‘figure-8’, a ‘racquet’ (a large loop on
one end and the other end highly intertwined with a sharp
bend), a ‘needle’ (intertwined with one small loop at one
end), to finally a ‘rod’ (all intertwined).

The DNA sequence is not discernable at cryo-ET reso-
lution. Furthermore, whereas all-atom simulations provide
high-resolution structures, it is difficult to sample a large
variety of initial possible models or simulate beyond tens of
nanoseconds. In addition, the majority of published simu-
lation work, even the most recent (32), only includes DNA
with minimal torsional stress, and thus cannot interpret
how DNA sequence influences conformation.

In this work, we employed coarse-grained simulations
and theoretical analyses to model DNA minicircles with the
same sequence as previously studied (31) under a wide range
of torsional stress, including highly positively and highly
negatively supercoiled, not previously simulated. These new
simulations provided a way to relate the observed cryo-ET
structures with DNA sequence (31). We found that a ther-
modynamically unstable segment of the minicircle cooper-
ates with a mechanical correlation from the stress of circu-
larization to influence minicircle structure. With this new
information, we were able to determine how the sequence,
coupled with supercoiling, can modify the structure and
provide sequence-specific models for cryo-ET data. We used
these findings to computationally design a new three-lobed
structure. Overall, our improved coarse-grained modeling
qualitatively explains how DNA sequence defines the three-
dimensional structures of supercoiled DNA.

MATERIALS AND METHODS

We used two different simulation procedures. The first sam-
pled the full possible conformational distributions allowed
by the model. This unconstrained simulation included the
336 bp minicircle DNA sequence but did not include cryo-
ET structural data. The resulting structural distributions
were then compared with the distribution of minicircle con-
formations seen by cryo-ET. The second procedure was a
constrained simulation that contained a bias potential to
restrain the results to the experimental data.

Unconstrained simulation

We simulated a 336 bp DNA minicircle of sequence:
TTTATACTAACTTGAGCGAAACGGGAAGGGTT

TTCACCGATATCACCGAAACGCGCGAGGCAGC
TGTATGGCATGAAAGAGTTCTTCCCGGAAAAC
GCGGTGGAATATTTCGTTTCCTACTACGACTA
CTATCAGCCGGAAGCCTATGTACCGAGTTCCG
ACACTTTCATTGAGAAAGATGCCTCAGCTCTGTT
ACAGGTCACTAATACCATCTAAGTAGTTGATT
CATAGTGACTGCATATGTTGTGTTTTACAGTATT
ATGTAGTCTGTTTTTTATGCAAAATCTAATTTAA
TATATTGATATTTATATCATTTTACGTTTCTCGT
TCAGCTTT. The coarse-grained force field model used
was originally developed by the Louis group (33,34). In
their model, they used a Morse potential to represent the
hydrogen-bonding and stacking interactions between two
bases i and j:

Vi j = εi j (1 − e−(r−r0)a)2 (2)

where r is the distance between two bases, r0 is the equilib-
rium distance, and a is an empirical factor. εij is determined
by two different base pairing (C/G or A/T) and 10 different
base stacking combinations (GpC, CpG, ApT, TpA, GpG,
GpA, ApG, TpG, GpT, ApA). Therefore, the εij ’s are se-
quence dependent. The stability of each base pair largely af-
fects the supercoiling of a DNA minicircle under torsional
stress because the least stable base pair serves as one bend
location (Figure 4). In addition, the radius of gyration of
a supercoiled DNA minicircle can be regulated by modu-
lating the stability of several base pairs (Figure 5). Thus,
the choice of a set of εij is important to this study. The
εij sets were obtained by an analytical fitting procedure to
reproduce the melting temperatures of different DNA se-
quences (33,34). We previously showed that this model suc-
cessfully predicts the experimental observed structural al-
terations in plasmid pBR332 under mechanical stress (35),
lending credence to the suitability of the model. We note
that this model, as well as the main scope of this work, was
not to obtain a definitive kinetic time scale for DNA dynam-
ics. Instead, we focus specifically on the conformational dis-
tribution of a DNA minicircle in the equilibrated state. As
a result, the actual time scales are not calibrated.

Circular DNA conformations change with salt (27,36).
Because the original Louis model did not consider the ef-
fects of salt, we previously modified it by adding a term
approximating the electrostatic interactions between two
charged beads in the presence of ions as a Debye–Hückel
potential (35):

Vi j = γ qi q j

4πε0εr r
e−r/

√
ε0εr kB/2e2 I (3)

where i and j are the phosphate atoms and r is the separa-
tion between them; εo is the permittivity of free space, εr is
the relative dielectric constant (set to 80) and I is the ionic
strength of the system. γ = 0.7 was an empirical fit obtained
in our previous work (35) to match the DNA melting tem-
peratures under the various different salt conditions. We set
the ionic strength to 0.1 M and the temperature to 310 K
at an effective 1 atm of pressure. Newtonian dynamics were
applied and the Andersen thermostat method was used to
maintain the temperature (37).

The Watson–Crick strands of a relaxed 336 bp minicircle
wrap around each other 32 times, defining Lk0 (no super-
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coiling). �Lk is the difference between Lk under a given
torsional stress and Lk0. We simulated three different posi-
tively supercoiled (overwound) topoisomers: Lk = 33 (�Lk
= +1), 34 (�Lk = +2) and 35 (�Lk = +3). We also simu-
lated six negatively supercoiled (underwound) topoisomers
Lk = 26 to 31 (�Lk = –6 to –1) (28). The corresponding su-
perhelical density ranges from –0.194 to +0.085, which in-
cludes the homeostatically maintained level of underwind-
ing measured by several different groups (38–42).

In silico, for each linking number, Lk, we first built a pla-
nar circular minicircle without any crossing points (Wr = 0).
Under this circumstance, Lk = Tw based on Equation (1).
The twisting angle in degrees between each stacking base
pair, θ , satisfies the following relationship:

336 × θ = 360 × Lk (4)

We next performed simulations, each initiated from a pla-
nar minicircle. Lk did not change in the simulation but the
partition between Wr and Tw varied with Lk, which was di-
rectly observed in the simulations.

For each linking number, the system was equilibrated
for 15 ns (because this is a coarse-grained model, the time
scale is approximate). After the equilibration, each simula-
tion was performed for an additional 60 ns and data were
recorded every 150 ps. Each simulation was repeated 240
times with different random starting velocities, making the
overall sampling time 14 �s for each linking number. The
root-mean-square deviation of the minicircle coordinates
for the 240 trajectories and an example of a single trajec-
tory are shown in Supplementary Figure S1. These results
demonstrate that the minicircle can be equilibrated well
within 60 ns of coarse-grained simulation for a single tra-
jectory and the conformational space can be well sampled
with 240 trajectories. These data also show that even with a
coarse-grained model, many trajectories from different ini-
tial conditions were essential to adequately sample the con-
formational space. The density maps produced were pro-
cessed in VMD (43).

Constrained simulations

Simulations were also performed with an introduced bias
potential that restrained results to configurations found in
the cryo-ET minicircle density data (25). This protocol was
developed for all-atom simulations (44) and we previously
applied it to a coarse-grained DNA model (45). A bias po-
tential derived from electron microscopy data, VEM, was
added to the original DNA potential model:

VEM
xi

=
{

0 i f (ϕ < ϕc)
ε × (−ϕxi /s) else (5)

ε = 0.05E where E = 4.14 × 10−20 J. The subvolume of the
tomogram including the DNA minicircle was mapped onto
a grid xi, xi+1, xi+2. . . (x can be the X, Y, or Z direction). The
overall dimension was 45 × 100 × 80 Å. The bin size xi+1 –
xi was set to 4.52 Å/pixel to match the sampling of the sub-
volume. In the experiment, the density of each grid point,
ϕ, was measured. ϕ was scaled with the standard deviation,
s, of ϕ at all grid points. In the simulation, ϕ could be read
directly from the experimentally obtained cryo-ET density

(31), ranging from –0.8 s to 0.8 s in the experiment. Rel-
atively small ϕ, however, can correspond to the noise that
needs to be screened before the simulation. It is difficult to
directly infer an accurate cut-off value, ϕc, for the screening
process. So, here we set an empirical value, ϕc = 0.27 s, be-
cause the isosurface of the experimental density map does
not change significantly when ϕ < 0.27 s (Supplementary
Figure S6). Each bead in the simulation obtains an external
force, FEM

,from this biased potential:

F EM
xi

= VEM
xi

− VEM
xi+1

d
+ VEM

xi
− VEM

xi−1

d
(6)

where d is the grid size 4.52 Å and xi refers to a grid point.
With this constraint, each bead in the simulation will feel
the force from VEM.

The initial structure of the simulation was set to an un-
biased planar circle with random orientation relative to the
center of the experimental density. The center of mass veloc-
ity of the DNA minicircle model was set to zero. Otherwise,
the same simulation protocol as described above was per-
formed for the biased refinement simulations. Each biased
simulation set consisted of 1200 repeats of 300 ns, giving a
total of 360 �s. The probability of each base pair in the se-
quence to bend or kink was determined.

We chose �Lk = -2 (Figure 6) as an example of the DNA
minicircle with two bend locations. For the simulation �Lk
= –2 we initially adjusted the twisting angle to make sure
that Lk = 30 (�Lk = Lk – Lk0 = 30 – 32 = –2) based
on Equation (4). This linking number is a topologically in-
variant during the simulation based on (11). In the previ-
ously published experimental work (31), the linking num-
ber was modulated by nicking minicircles and enzymati-
cally religating them at various concentrations of ethidium
bromide or the archaeal protein, HmfB, to generate under-
wound or overwound minicircles respectively. The degree of
underwinding or overwinding was determined by the ‘band
counting’ method using gel electrophoresis. The Lk desig-
nation was further verified by analyzing the products of re-
laxation by a type II topoisomerase (31).

RESULTS

Conformational distribution of DNA minicircles under tor-
sional stress

Cryo-ET revealed an ensemble of 3D structures of DNA
minicircles for each of the various Lks (31). We tested how
well our coarse-grained model predicted the observed con-
formations and whether we could assign DNA sequence to
the cryo-ET structures. We first simulated the distribution of
structures for each topoisomer de novo. We used the coarse-
grained force field model described above at ambient tem-
perature. Thus, we expected to sample a distribution of pos-
sible structures corresponding to those found in the flash
frozen solution used for the cryo-ET. Indeed, this model
could be used to assign DNA sequence within the experi-
mental cryo-ET structures in the cases with sharp kinks or
bends.

The conformational distribution of the DNA minicircle
is reflected in the free energy map as a function of the writhe
(46,47) (Wr) and the fraction of contact formations, C (Fig-
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Figure 1. Free energy landscape of DNA minicircles under different torsional stress as a function of the percentage of helix-to-helix contacts, C, and writhe,
Wr. For (C) and (D), insets zoom in to the free energy minimum not seen in the figure scale. The unit of free energy is kBT where T = 310 K and kB is
Boltzmann’s constant. Free energy is shown from darkest blue (lowest) to white (highest).

ure 1). A contact formation is defined as an event where the
distance between any backbone bead in one base pair and
any backbone bead in another base pair is less than 3 � (�
= 8.52 Å, for details, see Supplementary Information). Wr
measures the average number of crossings of the minicircle
seen from all vantage points, while the y-axis, C, indicates
how tightly intertwined the circle is. As a general trend, it is
clear that for both positive and negative supercoiling, when
the torsional stress increased, both Wr and C increased, in-
dicating a higher probability of the DNA becoming more
interwound with itself. In addition, the conformational dis-
tribution became broader. That is, both Wr and C fluctuated
more under high torsional stress than low torsional stress.
This result is explained by an increase of base pair open-
ings (Table 1) and DNA crossing points that accompanied
high torsional stress, which increased the number of pos-
sible minicircle conformations. The distribution of the ra-
dius of gyration (Rg) was also broader under high torsional
stress, as shown in Figure 3A.

As expected, the simulated relaxed DNA minicircle (�Lk
= 0) strongly peaked at Wr ∼ 0 and C ∼ 0 (Figure 1D). The
dominant structure was a nearly planar circle. Roughly 5%
of the Lk = 32 circles were warped (Supplementary Figure
S2). When �Lk = +1, C and Wr slightly increased (Figure
1C) and ∼42% became nonplanar (Supplementary Figure
S3). With increased positive Lk (�Lk = +2), the probabil-
ity of nonzero writhe increased. When �Lk = +2, the dom-
inant (average) structure shifted to the region with Wr = 1
and C ∼ 10% (Figure 1B), indicating that there is a high
probability of a single crossing of the minicircle in the cir-
cle. The position of this crossing is identified by the base pair
contact map (Figure 2B). Each data point describes the free
energy, which was calculated as proportional to the loga-
rithm of the probability of occurrence of a particular con-
tact formation.

We found that the dominant contact formations for �Lk
= +2 (blue areas in Figure 2B) were, on average, between bp
i and bp j, satisfying the relation j = x + 168 (black line in
Figure 2A and B), which is half of the total length. Because
the total bp of this circle is N = 336, contact formations
are mainly between bp i and bp i + N/2. In other words,

the crossing was found close to the center of the circle and
evenly split the circle to two roughly equal sub-circles, form-
ing figure-8 shapes. The most common conformation was
this figure-8 shape but there were fluctuations from the line
j = x + 168.

When �Lk = +3, the average Wr of the probability distri-
bution of structures centered at 2 (Figure 1A). At the same
time, the percentage of close duplex contacts, C, increased
to around 35%, corresponding to a more highly intertwined
structure. Considering the base pair contact map for �Lk
= +3 (Figure 2A), although the lowest free energy area was
still along the line j = x + 168, the distribution was much
broader than it was for the �Lk = +2 minicircle topoisomer
(Figure 2B), indicating that a continuous long contact re-
gion is formed in the circle between the two crossing points.
Such a contact probability formation is reflective of the so-
called ‘handcuff’ configurations in previous experimental
observations (31) (Figure 2A).

It is clear that the conformational distribution under neg-
ative torsional strain is much broader than that under sim-
ilar positive strain. This result is not surprising given that
negative strain favors base pair opening, which can occur in
multiple places to yield different conformations, and mod-
erate positive strain does not. Base-pair opening relieves
some of the torsional strain, and makes the structure lo-
cally very flexible, more amenable to DNA bending. Table 1
shows the probability of having at least one base pair open-
ing as a function of Lk. For positive strain, even at the most
overwound �Lk = +3 topoisomer studied, there was only a
4.5% probability of base pair opening. In contrast, for neg-
ative twist, at �Lk = –1 there was a 10.3% probability of
base pair opening, and this probability increased to 100%
when �Lk < –3. These probabilities qualitatively agree with
the probability of cleavage by Bal-31 as reported previously
(31).

For such a small change in linking number, writhe in the
�Lk = –1 topoisomer, centered at –1.0 and C ∼ 10% (Fig-
ure 1E). The calculation for the �Lk = –1 topoisomer (Fig-
ure 2E, black arrow) indicated base pair opening and base
unstacking between two consecutive base pairs. As a result,
some structures for the �Lk = –1 topoisomer show a so-
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Table 1. Probability of the DNA minicircle having at least one base pair opening

�Lk 0 +1 +2 +3 –1 –2 –3 –4 and above

Probability 0 0 0.6% 4.5% 10.3% 85.0% 99.9% 100%

Figure 2. Free energy, in units of kBT (T = 310 K), of contact formation between base pairs shown from dark blue (lowest) to white (highest). The black
guide line through the blue in (A) and (B) is y = x + 168. A few representative structures are shown for two views differed by 90◦. In (E), the structure
represents the typical conformation inside the region circled in red. The arrow shows the position of base pair opening and base unstacking.

called racquet configuration, as seen in the cryo-ET data
(31).

With increasing negative torsional stress, negative writhe
increased (Wr decreased) and C increased (Figure 1F–
J). At �Lk = –6, the most probable Wr shifted to –3.0
and the maximum of C was up to 90%, indicating that
the most probable minicircle conformation is almost com-
pletely wound around itself into a rod shape (Figure 1J).
The contact map revealed multiple minima (Figure 2J), in-
dicating that the conformational distribution is very broad.

Overall, the topoisomer structures we obtained in silico
qualitatively matched the experimental results of Irobalieva
et al. (31). Both studies agree that with increasing negative
supercoiling, DNA minicircles become more intertwined,
evolving from an open circle to a figure-8, racquet, needle
and finally a rod. We calculated the twist of the minicircle
(Tw = Lk – Wr) and found that Tw increased with �Lk from
–6 to +3 (Supplementary Figure S4). These results match
well to our previous simulations of twist (with no writhe)
at these supercoiling levels (13) and help to further validate
the simulation results.

Effect of torsional stress on minicircle compactness

To understand how the degree and direction of supercoil-
ing compacts minicircles, we considered radius of gyration
(Rg) (Figure 3). Rg is a standard measure for polymers and
polyelectrolytes and is experimentally accessible via several
techniques (48).The radius of gyration of DNA minicir-
cles reduced as a function of torsional stress from 170 Å
to as small as ∼105 Å (Figure 3A). Two distinct Rg max-
ima, seen for all the negatively supercoiled minicircles and
for the most positively supercoiled minicircle, imply two si-
multaneous populations of structures. We devised a param-
eter, Nv, that quantifies the number of bend locations in
each minicircle (see Supplemental Information for a com-
plete definition). Figure 3B and C show that the radius of

gyration distribution for three ensembles: all data, Nv = 2,
or Nv = 3. The existence of the ensemble with Nv = 3 ac-
counts for the mechanism of the size reduction of the DNA
minicircle with increasing negative supercoiling. Nv = 3 is a
characteristic of compact trefoil structures. Such structures
have more bends in order to release the high torsional stress.
Several branched structures were seen by cryo-ET (classi-
fied as ‘other’) (31). Nv = 2 represents more extended struc-
tures like the figure-8 or the handcuff. Generally speaking,
the magnitude and distribution of Nv increased with the in-
crease of torsional stress, and the overall radius of gyration
reduced correspondingly. Rg decreased gradually from �Lk
= –1 to –3 (Figure 3A) while at the same range the proba-
bility of at least one base pair opening increased from 10%
to 100% (Table 1). At this range, although the probability of
base pair opening kept increasing, Nv was only 1 or 2. We
suggest that Rg decreased slowly because the minicircle was
more or less in an extended conformation, such as shown in
Figure 3B. When �Lk ranged from –4 to –6, the probabil-
ity of Nv = 3 increased, leading to a collapsed structure as
shown in Figure 3C (green curve) and causing an even more
substantial reduction in the radius of gyration.

Positive mechanical correlations along DNA minicircles

Because bends affect the conformation of a minicircle, we
explored the DNA sequences found at them. We uncovered
three thermodynamically unstable segments: bp 1–20, bp
104–115 and bp 287–315, with TpA tracts (TA steps are
among the most unstable of the base pair steps (49,50)). We
found the same three DNA segments using a separate an-
alytical thermodynamic method (35) (Supplementary Fig-
ure S5). If base pair step thermodynamic instability were
the only consideration for where sharp bends in the DNA
minicircles might occur, one might assume that sharp bends
on DNA minicircle would always occur at those thermody-
namically unstable segments. We found, however, that this
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Figure 3. Distribution of the radii of gyration for DNA minicircles under
torsional stress. (A) Radii of gyration (Rg) of DNA minicircles under all
the various torsional stresses; (B) Rg of DNA minicircles at �Lk = +3 for
either all data, when Nv = 2 (two sharply bent locations) or when Nv = 3
(three bend locations); (C) same as (B) but for the �Lk = –6 minicircles.

simple notion was not correct. The physical connectivity of
the sequences in a circle also influences the bend locations.
For example, when �Lk = +3 and Nv = 2, the bend loca-
tions were bp 297 and bp 127 (Figure 4A), which agrees with
the experimental mapping using Bal-31 cleavage (31). It is
understandable that bp 297 bent because it is among the
most thermodynamically unstable (Supplementary Figure
S5). The segment surrounding bp 127, however, is more sta-
ble than bp 104–115 or bp 1–20. A strong positive mechani-
cal correlation (Figure 4B) exists, then, between bp 297 and
127, which lie roughly at opposite sides of the minicircle.
Thus, bp 297 promotes the bending at bp 127. Such corre-

Figure 4. Positive mechanical correlations along the DNA minicircle con-
tour length. (A) Probability of becoming the site of a bend location for each
base pair for �Lk = +3, Nv = 2; (B) bend locations correlation coefficient
(BCC) between bp 293 and other base pairs, for the �Lk = +3 minicircles,
Nv = 2; (C) probability of becoming a bend location for each base pair for
minicircle �Lk = +3, Nv = 3 and (D) bend locations correlation coefficient
between bp 305 and other base pairs, for minicircles of �Lk = +3, Nv = 3.
N is the total number of the base pair, 336. Red dashed lines represent the
good match between the actual bend location observed in the simulation
(A or C) and the position positively correlated to the placement of the first
bend (B or D).

lations have been noted previously (32,51) but we make a
more general conclusion when Nv > 2 below.

When Nv = 3, the three bend locations were at bp 305,
195 and 83 (Figure 4C). A positive mechanical correlation
among those positions was observed as well (Figure 4D).
In addition, the separation among these positions is close
to one-third of the total sequence. Our results indicate that
instability of the base pair step and the positive mechan-
ical correlation resulting from a thermodynamically weak
sequence interacting within the circular DNA constraint to-
gether determine the structure/conformational distribution
of minicircles under torsional stress.

A general conclusion is that this positive mechanical cor-
relation exists at bp (i + N/Nv)%N, (i + 2N/Nv)%N. . . (i +
(Nv-1)*N/Nv)%N, where N is the number of the total base
pair, Nv is the number of the bend locations and % repre-
sents the modulo operation (we discuss this further below).

Modulating supercoiled minicircle conformation by changing
DNA sequence

One of the most thermodynamic unstable segments on the
supercoiled minicircle is located at bp 303–315, a TpA
tract. Intuitively, changing C/G to A/T at or near a pre-
dicted bend location should increase bendability. To test
this hypothesis, we designed a new sequence S2. In S2,
bp 79–91 was mutated from CTCAAGAAGGGCC to
ATAAATAATATAA and bp 191–203 was mutated from
ACAATGTCCAGTG to ATAATATATATTA. Bp 79–91,
191–203 and 303–315 are three correlated positions when
Nv = 3 based on the formula in the previous section. Such
mutations should increase the probability of structures with
Nv = 3 (relative to Nv = 2) and reduce Rg. Another se-
quence: (AT)10(CG)102(AT)10(CG)102(AT)10(CG)102 can be
considered an extreme case of increasing the probability of
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Figure 5. Distribution of the radii of gyration for the DNA minicircle and
minicircles containing the original sequence (black), sequence S2 (green)
or S3 (red) under different torsional conditions: (A) �Lk = +3, (B) �Lk
= –4 and (C) �Lk = –6.

Nv = 3. Although at �Lk = +3, the Rg of all three tested
DNA sequences were similar (Figure 5), when �Lk = –4 or
–6, both S2 and S3 shifted to the low Rg region. This shift
indicates that the conformational distribution of minicircles
under torsional stress can be designed.

Assigning DNA minicircle sequence to cryo-ET conforma-
tions

Taking advantage of the bends revealed in the cryo-EM den-
sity maps, we probed the probability of each base pair to be
involved in a bp opening or unstacking to attempt to lo-
cate the sequence with respect to the position of kinked or
bent features. Figure 6A shows a cryo-ET density map for
�Lk = –2 (Lk = 30). This minicircle is in a racquet con-

Figure 6. Refinement of cryo-ET density map for a structure with �Lk
= –2 as an example with two bend locations: (A) an initial structure of a
DNA minicircle (the nucleosides are in red and the phosphates are in green)
overlaid on the cryo-ET image (cyan, reproduced from the data of Figure
1C in (31)). (B) Superimposition of 250 random structures (red) obtained
from the constraint fitting simulation overlaid over cryo-ET image (cyan,
produced using the data in Figure 1C in (31)); and (C) the probability of
each base pair to become a bend location. This probability is calculated
from the occurrence of each base pair forming a bend location observed
from 1200 simulations dividing by 1200.

formation and contains a sharp bend at the bottom of the
handle of the racquet, as predicted from the analysis above.
With a constrained coarse-grained simulation with �Lk =
–2 we fitted the molecular structure from the cryo-ET den-
sity map at the base pair level. The initial structure of such a
simulation can be seen in Figure 6A. A superimposition of
250 simulated structures are shown in Figure 6B. It is clear
that with the constraint, our ensemble of structures is in ac-
cord with the experimental cryo-ET density map. Whether
these simulations of models actually correspond to the ac-
tual sequence alignment is difficult to test precisely exper-
imentally but they agree qualitatively with the previously
published Bal-31 cleavage results (31). The probability of
each base pair to be localized at the bend location as calcu-
lated from our extensive set of initial conditions is shown in
Figure 6C. Our fitting result indicates that every base pair
has some probability of being at the sharp bend but bp 293
and bp 126 have the highest probability. This result quali-
tatively matches our modelling done without cryo-ET bias
constraints (Figure 4A).

DISCUSSION

In this work, we studied how the conformational distribu-
tion of a 336 bp DNA minicircle changes with torsional
stress by performing coarse-grained simulations. These sim-
ulations allowed for localized structural deformations by in-
troducing flexible sites that facilitate DNA bending. There-
fore, the location of the bends in the conformations of
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Figure 7. Conformational equilibria of a DNA minicircle under negative
torsional stress. Negative torsional stress gradually increases from (A) to
(D). Red dots mark the most thermodynamic unstable segment along the
minicircle. Blue dots mark other thermodynamic unstable segments. Red
dash lines represent a strong mechanical correlation. For (D), a dynamic
equilibrium exists between two structures: one with two bend locations and
one with three. The free energy difference between these two structures
depends on the locations of the blue dots tha are encoded in the sequence.

supercoiled DNA is modified by sequence. These results
demonstrate a useful bridge between the atomic detail pro-
vided by all-atom molecular dynamic simulations and the
increased conformational sampling that can be achieved by
coarse-grained models. Not only did we capture the shape
characteristics under each torsional strain condition ob-
served in the experiment, but we were also able to align the
DNA sequence in the DNA minicircle in accord with struc-
tural and Bal31 nuclease cleavage data (31).

There are several limitations in the accuracy of the cur-
rent coarse-grained model. The intrinsic curvature (and
thus length and supercoiling level) of the minicircle will af-
fect the length and strength of the mechanical correlations
detailed above. In order to describe the correlation more
quantitatively, the energy functions of different base pairs
need to be modelled accurately, which is a difficult task
using coarse-grained models. Thus, the results of our cur-
rent work are qualitative. In addition, proteins, RNA, other
DNA, small molecules, etc., can interact with DNA to influ-
ence structure (52). Such effects will be studied in the future.

Mechanical correlations along DNA minicircles

A DNA minicircle under torsional stress may have multiple
bends and their locations do not distribute along a minicir-
cle randomly. Instead, we identified a positive mechanical
correlation that dictates the separation between two neigh-
bouring bend locations to be Nv/N (Nv quantifies the num-
ber of bend locations in a minicircle and N is the total num-
ber of base pairs). This correlation was observed thermo-
dynamically (32,53) and kinetically (54) previously. Those
studies suggested a 180◦ cooperative kink along a negatively
torsionally stressed DNA minicircle, corresponding to the
case of two bend locations (Nv = 2) in this work (Figure
7B,C). Our result indicates that Nv = 2 is not the only pos-

sibility for this DNA minicircle under torsional stress. In-
stead, it has potential to bend with Nv = 2 or Nv = 3 (Figure
4). Importantly, the radius of gyration of a DNA minicircle
under torsional stress is largely affected by the number of
bend locations (Nv). Nv = 3 will lead to significant size re-
duction, as shown in Figure 3. Thus, the relative probability
of Nv = 2 and Nv = 3 will dictate the global structure of a
stressed DNA minicircle and this information is encoded by
the sequence of the DNA minicircle.

Assigning sequence registry to DNA cryo-ET density maps

We developed a way that is approximately able to as-
sign DNA sequence registry to the cryo-ET density maps
through a geometric penalty function combined with a
sequence-sensitive coarse-grained model. The model is
computationally sufficiently inexpensive to allow not only
shape but sequence registry refinement for low resolution
experiments like cryo-ET. The thermodynamically least sta-
ble position, as well as its mechanically correlated posi-
tions in the minicircle, are more likely to bend and increase
the thermodynamic signal of corresponding sequence fea-
tures and, so, the resulting sequence registry. The bend loca-
tions predicted by our constrained simulation (Figure 6C)
match well with those predicted by unconstrained simula-
tions (Figure 4A). Further work will require refining the
energy function used in the coarse-grained model to deter-
mine the bending probability of each base pair more pre-
cisely. Once we begin to understand how DNA sequence in-
fluences structure/function of DNA, we may begin to un-
derstand, for example, how proteins find their sequences,
how promoters function, and how DNA metabolism is reg-
ulated.

How sequence affects the conformation of DNA minicircles

In a DNA minicircle stressed by supercoiling, the thermo-
dynamically least stable segment along the sequence has the
highest probability of bending. This probability depends
on the sequence. AT-rich tracts tend to have the highest
probability to bend. Several analytical methods (35,55,56)
have been developed to identify the least stable DNA seg-
ments under stress more precisely. Once the thermodynami-
cally least stable segment bends, other bend positions will be
determined by the mechanical correlations detailed above.
The positions of the bends differ depending on the number
of them, Nv. The ensemble of a stressed DNA minicircle can
be considered as a mix of bend states, for instance, of Nv =
2 and Nv = 3 (Figure 7D). The probability of Nv = 3, which
corresponds to a small radius of gyration of the minicircle
(Figure 3B,C), is influenced by the sequence. If bp i + 3/N (i
is the thermodynamically least stable position and N is the
total number of base pairs) is thermodynamically unstable
(blue dots in Figure 7D on the right), the equilibrium be-
tween Nv = 2 and Nv = 3 will shift to the latter and lead to
a large reduction in the global size of the minicircle. Indeed,
changing the sequence to one that destabilizes the bp i+3/N
led to a reduction in the radius of gyration (Figure 5B, C).
In contrast, if the bp i + 2/N is thermodynamically unsta-
ble (blue dot in Figure 7D on the left), the population of
Nv = 2 increased instead and led to an extended structure.
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This ability to design conformation should be useful to af-
fect delivery parameters of DNA minicircles in gene therapy
delivery.
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